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DESCRIPTION 
DIRECTED EVOLUTION OF ENZYMES AND ANTIBODIES 

BACKGROUND OF THE INVENTION 

5 The present application is a continuation-in-part of copending U.S. Patent Application 

Serial No. 08/447,402, filed May 23, 1995, which is a continuation-in-part of United States 
serial number 08/258,543, filed June 10, 1994, which is a divisional of United States Patent 
5,348,867 issued September 20, 1994. The entire text of each of the above-referenced 
applications and patents are specifically incorporated by reference herein without disclaimer. 
10 The government owns rights in the present invention pursuant to grant number BCS-9412502 
from the National Science Foundation. 

1. Field of the Invention 

The present invention relates generally to the fields of biochemistry, immunology and 
15 molecular biology. More particularly, it concerns the use of rapid selection techniques to 
identify specific polypeptides having desirable characteristics out of large libraries of 
polypeptides. 

2* Description of Related Art 

20 There is considerable interest in the discovery of new enzymes with catalytic and 

stability characteristics superior to what can be obtained from the pool of naturally-occurring 
enzymes in the biological world. For practical purposes, it is desirable to identify proteins that 
(i) can catalyze reactions (e.g., Diels- Alder condensation) that are important for chemical 
processing but do not occur in the biological world; (ii) exhibit unnatural chemical or 

25 stereoselectivity; (iii) can catalyze reactions in the presence of organic solvents or 
organic-aqueous mixtures that are typically used in chemical syntheses; and (iv) have an 
appreciable half-life at elevated temperatures and under other conditions of interest. Presently, 
methods for identifying these molecules are not readily available. 
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The development of enzymes with improved characteristics not only has important 
scientific ramifications, in terms of aiding the understanding of protein structure-function, but 
also is of great commercial value. In addition, most established pharmaceutical and 
biotechnology companies have extensive research efforts in place for enzyme engineering and 
5 optimization. 

Antibodies also are of increasing importance in human therapy, assay procedures and 
diagnostic methods. Therefore, another area of interest lies in the identification of antibodies 
with particular binding functions, as well as other activities. However, methods of identifying 

10 antibodies and production of antibodies is often expensive, particularly where monoclonal 
antibodies are required. Hybridoma technology has traditionally been employed to produce 
monoclonal antibodies, but these methods are time-consuming and result in isolation and 
production of limited numbers of specific antibodies. Additionally, relatively small amounts of 
antibody are produced; consequently, hybridoma methods have not been developed for a large 

15 number of antibodies. This is unfortunate as the potential repertoire of immunoglobulins 
produced in an immunized animal is quite high, on the order of >10 10 , yet hybridoma 
technology is too complicated and time consuming to adequately screen and develop large 
number of useftil antibodies. 

20 Selective pressure, i.e., cell cultivation under conditions that allow growth only if a 

certain enzyme is active, has been used for many years to isolate mutants with desirable 
characteristics. The most successful approach is to mutagenize in vitro the gene for a desired 
enzyme, introduce the mutagenized DNA into cells to create a library and finally select for cells 
that produce active enzyme by growing under restrictive conditions. In one notable example, 

25 Liad et al (1986) reported the isolation of thermostable variants of the E. coli kanamycin 
nucleotidyl transferase by introducing the gene in a thermophilic bacillus and selecting for 
mutants that could grow at a temperature above the inactivation temperature of the thermostable 
enzyme. More recently Palzkill et al constructed sets of large libraries in which blocks of 
several residues in p-lactamase were randomized by in vitro techniques. The p-lactamase 

30 mutant genes were transformed into E. coli and cells capable of growing in the presence of 
p-lactam antibiotics that are normally poor p-lactamase substrates were isolated 
(Venkatachalam et al, 1994; Petrosino and Palzkill, 1996). 
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A variety of techniques including chemical mutagenesis of isolated DNA, gene 
amplification by error prone PCR™ and oligonucleotide mutagenesis have been employed to 
generate libraries of mutant genes containing a desired range of nucleotide substitutions. Often 
5 multiple rounds of selection and mutagenesis are employed to select increasingly improved 
enzymes. It is desirable to be able to combine the beneficial effects of mutations that exhibit an 
additive effect on function. For this purpose Stemmer (1994a and 1994b) devised a simple 
technique of DNA shuffling for allowing the combination of beneficial mutations in different 
parts of a gene. DNA shuffling is a powerful technique for the generation of combinatorial 
10 libraries in turn can allow drastic improvements in enzyme function. As demonstrated by 
Stemmer (1994a) DNA shuffling allowed a rapid isolation of a P-lactamase variant with a 
32,000-fold higher activity towards the antibiotic cefotaxime. 

The selection of improved enzymes from in vitro constructed libraries is a very powerful 
15 approach for biocatalyst design provided that the enzyme sought confers an essential function 
for the cell. Unfortunately in many cases of commercial interest it is not possible to design a 
selection strategy. In fact it is impossible to design selection strategies for reactions (such as 
Diels Alder condensation) that do not take place in biological systems. The other limitation of 
mutant selection strategies is that under selective conditions cells can evolve mechanisms of 
20 survival that bypass the reaction catalyzed by the enzyme that is to be optimized. The ability of 
cellular adaptation mechanisms to respond to selective pressure has frustrated efforts to direct 
the evolution of efficient antibody catalysts designed to complement mutations in essential 
pathways within microorganisms (Tang et a/., 1991 ; Smiley and Benkovic, 1994). 

25 For enzymatic reactions where the design of a selection strategy is not possible, libraries 

of mutants have to be screened by direct assay. This involves growing individual clones either 
as colonies on agar plates or, alternatively in 96-well plates, and measuring enzymatic activity 
usually by a chromogenic assay. A popular and convenient screening format is to determine the 
enzymatic activity of single colonies growing on agar plates. Sequential cycles of random 

30 mutagenesis and plate screening are increasingly employed for the directed evolution of enzyme 
activities. Using this approach Moore and Arnold (1996) isolated a mutant paranitrobenzyl 
esterase that exhibits 16-fold higher activity in 30% DMF relative to the parent enzyme. At 
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least one other enzyme has been engineered successfully by random mutagenesis and screening 
(Yu and Arnold, 1996). 

However, the isolation of clones producing desired enzymes by plate-screening is 
5 tedious and is not suitable when a drastic change in protein function or stability is sought. It is 
impractical to screen more than 10 5 clones by plate assays (even with automated techniques) 
and therefore only a relative small set of mutants can be analyzed. Screening of much larger 
libraries of mutants, typically comprising of at least 1,000-fold larger number of clones (i.e., 
10 8 ) is necessary if there is to be any hope for completely changing enzyme activity or reversing 
10 its substrate specificity. 

The screening of colonies using plate assays suffers form three additional limitations. 
First, plate assays can be devised for a limited range of reactions. Second, because the vast 
majority of proteins are not released from E. coli bacteria (by far the most preferred host 

15 organism for "directed evolution" studies), the substrate must be able to readily diffuse into the 
cell and it must not be toxic. Third, plate assays, even those that utilize fluorescent molecules 
have at best moderate specificity. In recent years there have been many efforts to find rapid 
assay screening methods that can circumvent the limitations inherent with plate assays. Perhaps 
the most innovative approach is the Catalytic ELISA (CatELISA) technique developed by 

20 Tawfik et al. (1993). However, neither CatELISA nor any of the other assay recent techniques 
can be applied to the screening of larger libraries of mutants. 

Thus despite the intense interest in discovering new enzymes and antibodies, there 
remain a significant technical hurdles that have made it difficult to exploit this considerable 
25 wealth of biological power. Thus, there remains a great need for improved methods of handling 
the synthesis and identification of the vast number of possible active polypeptides. 

SUMMARY OF THE INVENTION 

The present invention addresses these and other drawbacks inherent in the prior art by 
30 providing new methods of screening of polypeptide libraries. For the first time it is possible to 
rapidly screen polypeptide libraries for potential enzymes and antibodies; often in a matter of 
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hours. The disclosed methods allow production of large quantities of these polypeptides, 
potentially on a kilogram scale, from microorganism cultures. And, because selected proteins 
can be displayed on the surface of a host cell, assays can be conducted with remarkable rapidity. 

5 In one aspect of the invention, expression libraries are prepared such that an expressed 

protein is displayed on the surface of a cell. Typically, the polypeptides will be surface 
expressed in a host cell such as bacterial, yeast, insect, eukaryotic or mammalian cells. Surface 
expression of a polypeptide on a cell surface is achieved using a recombinant vector that 
promotes display on the outer membrane of a host cell. Vectors are such as those of the general 

10 construction described in U.S. Patent No. 5,348,867, incorporated herein by reference. 
Generally the vectors will be appropriate for a bacterial host cell and will include at least three 
DNA segments as part of a chimeric gene. One segment is a DNA sequence encoding a 
polypeptide that targets and anchors a fusion polypeptide to a host cell outer membrane. A 
second DNA segment encodes a membrane-transversing amino acid sequence, i.e., a 

15 polypeptide that transports a heterologous or homologous polypeptide through the host cell 
outer membrane. The third DNA segment encodes any of a number of desired polypeptides. 
Such vectors will display fusion polypeptides at the exterior of a host cell. These recombinant 
vectors include a functional promoter sequence. 

20 Screening for antibodies employing the methods of the present invention allows one to 

select an antibody or antibody fragment from a plurality of candidate antibodies that have been 
expressed on the surface of a host cell. In most instances the host cell will be a bacterial cell, 
preferably E. coli. The antibodies are obtained from an expression vector library that may be 
prepared from DNAs encoding antibodies or antibody fragments. One source of such DNAs 

25 could be from an animal immunized with a selected antigen; alternatively, antibody genes from 
other sources can be used, such as those produced by hybridomas or produced by mutagenesis 
of a known antibody gene. One preferred method of obtaining DNA segments is to isolate 
mRNA from antibody cells of an immunized animal. The mRNA may be amplified, for 
example by PCR, and used to prepare DNA segments to include in the vectors. One may also 

30 employ DNA segments that have been mutagenized from one or more DNAs that encode a 
selected antibody or antibody fragment. 
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In a second embodiment, the present invention provides methods for the rapid screening 
of enzyme libraries. The libraries represent mutagenized version of an enzyme to permit for the 
"directed" evolution of the enzyme's sequence, and hence function. Again, vectors will 
comprise a DNA sequence encoding the enzyme, an anchor fused to the enzyme coding region 
5 that results in expression of the host cell outer membrane and any other regulatory sequences 
necessary for the propagation of the vectors and the expression of the enzyme. Standard 
mutagenic procedures will be applied to various regions of the enzyme coding region, including 
those regions that encode binding pockets and active sites. Other sites of interest, including 
residues critical for conformation and post-translational modification also may be targeted. 

10 

Once generated, expression libraries are transferred, by standard methodologies, into 
appropriate host cells. Expression of the antibodies, enzymes or other polypeptides on the 
surface of host cells permits the rapid and efficient screening of libraries for the appropriate 
binding specificity, enzyme function or other desirable characteristic. In addition, use of 
15 appropriate label systems and substrates permits the sorting of host cells expressing proteins of 
interest by flow cytometery methodology FACS). 

Other objects, features and advantages of the present invention will become apparent 
from the following detailed description. It should be understood, however, that the detailed 
20 description and the specific examples, while indicating preferred embodiments of the invention, 
are given by way of illustration only, since various changes and modifications within the spirit 
and scope of the invention will become apparent to those skilled in the art from this detailed 
description. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

The following drawings form part of the present specification and are included to further 
demonstrate certain aspects of the present invention. The invention may be better understood 
by reference to one or more of these drawings in combination with the detailed description of 
30 specific embodiments presented herein: 
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FIG. 1A and FIG. IB. FIG. 1A Western blot analysis of total membrane fractions 
from E. coli JM109 cells containing pTXIOl (Lanes 2 and 4); JM109/pTX152 (Lanes 3 and 5) 
and probed with anti-OmpA antibodies at 1:5000 dilution; Lanes 4 and 5 were probed with 
monoclonal anti-HSV antibodies at 1:5000 dilution. Arrowheads indicate the Lpp-OmpA-P- 

5 lactamase fusion (lane 2) and the Lpp-OmpA-scFv(digoxin) fusion (lane 3). The 32 kDa band in 
lanes 2 and 3 corresponds to OmpA. Lane 1, molecular mass markers (in kDa). FIG. IB. 
Lysate and whole cell ELISAs of JM109 cells containing plasmid pTXIOl (solid) or pTX152 
(hatched). Samples were incubated on microtiter wells coated with digoxin-conjugated BSA 
and probed with anti-P-lactamase (pTXIOl) or anti-HSV (pTX152) antibodies. Absorbance 

10 readings were referenced to wells that were untreated with either Iysates or whole cells. 

FIG. 2A and FIG. 2B. Phase contrast micrograph of JM109/pTX152 cells after 1 hr of 
incubation with 10" 7 M digoxin-FITC. FIG. 2B. Micrographs of the same field as in FIG. 2A 
of JM 1 09/pTX 1 52 cells after a 1 hour incubation with 1 0" 7 M digoxin-FITC. 

15 

FIGS. 3A-3G. Histogram data from FACS. The bar in each graph represents the 
sorting gate or the fluorescence intensity defined as a positive event. The sorting gate was 
chosen to maximize the number of positive events while minimizing the number of negative 
events within the window. All samples were labeled with 10"' M digoxin FITC. FIG. 3 A. 

20 JM109/pTXl 52 sample used as a negative control. FIG. 3B. JM109/pTXl 52 sample used as a 
positive control. FIG. 3C. JM109/pTX152 pretreated with 0.2 mg/mt trypsin. FIG. 3D. 
JM109/pTX152 pretreated with free digoxin. FIG. 3E. A 100,000:1 mixture of 
JM109/pTX101:JM109/pTX152 prior to the first cell sorting run. FIG. 3F. A 100,000:1 
mixture after growing cells recovered from the first cell sorting run. FIG. 3G. A 100,000:1 

25 mixture after growing cells recovered from the second cell sorting run. 

FIG. 4. Whole cell immunoassay using 0.5 nM FITC labeled digoxin. 

FIG. 5A and 5B: FIG. 5A. Antibody mutants displaying different affinity for the 
30 antigen can be distinguished by display on the cell surface and fluorescence activated cell 
sorting. A. Fluorescence histogram comparing the fluorescence distribution of bacterial cells 
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displaying mutants of the svFv (digoxin) antibody on their surface. FIG. 5B. Relative binding 
affinity of the corresponding purified antibodies measured by ELISA. 

FIG. 6A and 6B Immunoassay for the determination of the equilibrium constant for 
5 antigen binding for surface displayed scFv antibodies. Cells displaying scFv(digoxin) 
antibodies on their surface were incubated with different concentrations of BODIPY-digoxin 
for one hour with gentle shaking. Following incubation, the fluorescence distribution of the 
cells (50,000 events) was determined by flow cytometry. 

10 FIG. 7A and FIG. 7B: Examples of single chain antibody surface display plasmid 

vector pSD192. 

FIG. 8: Procedure for the isolation of single-chain antibodies by surface display and 

FACS. 

15 

FIG. 9A-9F: Isolation of high affinity antibodies from libraries displayed on the 
bacterial cell surface and screened by FACS. FIG. 9A-9C: Plots of Forward Scatter (a 
measure of the cell size) as a function of fluorescence intensity for cell populations displaying a 
library of scFv antibodies and incubated with different concentrations of fluorescent hapten 

20 (BODIPY-digoxin). The library was constructed by randomizing the heavy chain residues 99, 
100, 100a and 100b as described in Example 7. Cells were incubated with Bodipy-digoxin at 
different concentrations, shown in FIG. 9A-9C, for one hour. Each point represents one event 
detected by the flow cytometer and a total of 50,000 events (i.e. cells) are shown for clarity. 
FIG. 9D-9F. Isolation of scFv antibodies from a library. The library was constructed by 

25 randomizing the heavy chain residues 99, 100, 100a and 100b as described in Example 7. Cells 
were incubated with 70 nM BODIPY-digoxin and high fluorescence clones were isolated by 
FACS. The corresponding fluorescence histogram is shown in FIG. 9D. Sorted cells were 
grown overnight, incubated with 15 nM BODIPY-digoxin and sorted. The fluorescence 
distribution of the cells is shown in FIG. 9E. As can be seen, after one round of sorting and 

30 growth, cells having high fluorescence are greatly enriched over the starting cell population. 
Finally, FIG. 9F shows the fluorescence distribution of the cell population obtained after 
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growing the positive cells isolated in the first round. The large majority of the cells bind the 
BODIPY-digoxin conjugate and thus have a high fluorescence. 

FIG. 10: Chemical Structure of the OmpT substrate 

5 

FIG* 11A-11C: FIG. 11A shows a fluorescence histogram of 20,000 cells from a 
mixture of OmpT + and OmpT at a ratio of 1:5,000. After sorting, 32 cells were collected and 
the fluorescence of nine clones was examined by FACS. FIG. 1IB and FIG. 1IC show 
representative fluorescence histograms for two of the isolated OmpT+ clones. 

10 

FIG. 12. Frequency of rare high-fluorescence cells detected in a heavy-chain CDR3 
library per 1 00,000 cells using flow cytometry. Cells were considered to be target cells if they 
possessed FSC and FLI signals falling into the high-fluorescence region (Rl) in FIG. 13. The 
background control cell population consisted of a pool of 20 random clones characterized by 
15 DNA sequencing and flow cytometry, having Kj) values above 100 nM. 

FIG. 13A, FIG. 13B and FIG. 13C. Enrichment of highly fluorescent bacteria using 
FACS. The heavy-chain CDR3 library cell population was labeled with BODIPY-digoxin and 
analyzed by flow cytometry. (FIG. 13 A) Presort (15 nM BODIPY-digoxin); (FIG. 13B) post- 
20 round 1 (10 nM BODIPY-digoxin); (FIG. 13C) post-round 2 (10 nM BODIPY-digoxin). 

FIG. 14. The decay in mean fluorescence as BODIPY-digoxin dissociates from whole 
cells displaying mutant scFv selected from a heavy-chain CDR3 library. At least 4,000 events 
were acquired at 1-2 min time intervals and the mean fluorescence is plotted as an exponential 
25 decay. 

FIG. 15. The decay in mean fluorescence as BODIPY-digoxin dissociates from whole 
cells displaying mutant scFv selected from a light-chain CDR3 library. Selection conditions are 
given 

30 
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 



A. Identifying Polypeptides With Desirable Properties 

As stated above, the natural diversity of biologically active polypeptides, in terms of 
both function and specificity, is immense. The problem lies in tapping this vast reservoir of 
5 potential reagents in a sufficiently expedient fashion. In other words, how does one identify the 
few polypeptides out of the almost infinite number of possibilities that function as desired? 
Automated selection technologies may speed up the process, but the real obstacle remains the 
sheer number of possibilities - how they can be generated and how they can be expressed in 
order for the selection to take place. The present invention is designed to address this particular 
1 0 problem, as described in greater detail below. 

Enzymes 

Efforts to engineer improved enzymes rely upon molecular biology techniques and 
involve two basic approaches. The first involves cloning and expression of enzyme libraries 

15 from organisms that cannot be cultivated and typically are isolated from extreme environments. 
This approach, pioneered by Recombinant Biocatalysis (Brennan, 1996), relies on the 
construction expression libraries by extracting DNA from samples and gene amplification by 
PCR™. The expression libraries are then screened by brute force approaches that rely heavily 
on robotics. This technology promises to begin to tap the unexplored diversity of function in 

20 the natural world. However, it is intrinsically limited to catalytic activities that serve a 
biological function. Also, it is limited by the ability to employ genes from unknown sources to 
direct the synthesis of functional properties in commonly used host organisms such as E. coli or 
Saccharomyces cerevisiae. 

25 A second approach relies on selecting antibodies with the appropriate enzymatic or 

catalytic characteristics. The principle underlying catalytic antibodies is straightforward - 
binding of an antibody to its cognizant antigen results in a free energy decrease. An antibody 
that is highly complementary to the rate-limiting species of a chemical reaction (i.e., the 
transition state complex) will lower the energy of that species. This decrease in the free energy 

30 of formation of the transition state translates into a higher rate of reaction. In general terms, 
catalytic antibodies are produced via immunization with a molecule (a hapten) that is designed 
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to mimic certain features of the transition state complex for the reaction of interest (Lerner et 
al. 9 1991; U.S. Patent 5,658,753, incorporated herein by reference, provides additional 
disclosure regarding catalytic antibodies). An impressive array of different reactions now have 
been catalyzed by antibodies. Moreover, as expected for a catalyst based on antibody 
5 recognition, catalytic antibodies display precise substrate selectivity. That is, only substrates 
that are similar in structure to the hapten used to elicit the catalytic antibodies are accepted in 
the catalytic reaction. 

Unfortunately, catalytic antibodies have not yet fulfilled initial expectations. A number 
1 0 of reasons are at the root of the slow progression. First, the generation of catalytic antibodies is 
technically difficult and prohibitively expensive. Second, production costs are uneconomical. 
Despite impressive advances in hybridoma culture scale-up, the cost-effective production of 
monoclonal antibodies remains a serious challenge. Third, poor kinetic properties are common. 
Typically, rates of reaction and acceleration with catalytic antibodies (i.e., rate of catalyzed 
15 reaction over uncatalyzed reaction) are between 10 4 -10\ although a few examples of higher 
rates have been reported (Janda et al, 1988; however also see Hollfelder et aL, 1996). For 
comparison, rates of reaction acceleration for enzymes are usually around 10 7 -10 8 . Fourth, 
transition state mimics must be immunogenic and stable in vivo. Animal immunization with the 
transition state analog is the first step in the production of monoclonal antibodies with catalytic 
20 activity. The need for immunization poses two serious constraints on the transition state 
analog; it must be recognized by the immune response and it must be stable in the animal. 

Antibodies 

Currently, the most widely used approach for screening polypeptide libraries is to 
25 display polypeptides on the surface of filamentous bacteriophage (Smith, 1991). The 
polypeptides are expressed as fusions to the N-terminus of a coat protein. As the phage 
assembles, the fusion proteins are incorporated in the viral coat so that the polypeptides become 
displayed on the bacteriophage surface. Each polypeptide produced is displayed on the surface 
of one or more of the bacteriophage particles and subsequently tested for specific ligand 
30 interactions. While this approach appears attractive, there are numerous problems, including 
difficulties of enriching positive clones from phage libraries. Enrichment procedures are based 
on selective binding and elution onto a solid surface such as an immobilized receptor. 
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Unfortunately, avidity effects arise due to multivalent binding of the phage and the general 
tendency of phage to contain two or more copies of the displayed polypeptide. The binding to 
the receptor surface therefore does not depend solely on the strength of interaction between the 
receptor and the displayed polypeptide. This causes difficulties in the identification of clones 
5 with high affinity for the receptor; thus, there remain distinct deficiencies in the methods used 
to isolate and screen polypeptides, particularly antibodies, even in view of the development of 
phage libraries. 

Previous Attempts to Develop Engineered Polypeptides 

10 An approach to the antibody selection problem has been the development of library 

screening methods for the isolation of antibodies (Huse et al, 1989; McCafferty et aU 1990; 
Chiswell & McCafferty, 1992; Clackson, 1991). Functional antibody fragments have been 
produced in E. coli cells (Skerra & Pluckthun, 1988; Better et ai y 1988; Orlandi et aL 1989; 
Sastry et al, 1989) as "libraries" of recombinant immunoglobulins containing both heavy and 

15 light variable domains (Huse et al, 1989). The expressed proteins have antigen-binding affinity 
comparable to the corresponding natural antibodies. However, it is difficult to isolate high 
binding populations of antibodies from such libraries and where bacterial cells are used to 
express specific antibodies, isolation and purification procedures are usually complex and time- 
consuming. 

20 

Combinatorial antibody libraries generated from phage lambda (Huse et al y 1989) 
typically include millions of genes of different antibodies but require complex procedures to 
screen the library for a selected clone. Ladner et al 7 (U.S Patent No 5,403,484, specifically 
incorporated herein by reference) reported the display of proteins on the outer surface of a 
25 chosen bacterial cell, spore or phage, in order to identify and characterize binding proteins. 
Certain elements of Ladner may be used advantageously, for example, methods of generating 
and expressing single chain antibodies, proteinaceous binding domains other than a single chain 
antibody, carrier protein and the like, in combination with the present invention. 

30 Methods have been reported for the production of human antibodies using the 

combinatorial library approach in filamentous bacteriophage. A major disadvantage of such 
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methods is the need to rely on initial isolation of the antibody DNA from peripheral human 
blood to prepare the library. 

One way of approaching enzyme selection relies on the possibility of obtaining accurate 
5 3-dimensional structures for polypeptides, which then can be employed to identify amino acid 
substitutions that can alter or enhance function. Structure-guided mutagenesis in protein 
chemistry is best exemplified by the elegant and extensive studies of Matthews and coworkers 
using the T4 lysozyme as a model (Matthews, 1995). Over the years his group constructed, 
characterized and solved the crystal structure of over 100 T4 mutants. These studies have 
10 provided valuable information on the determinants of protein stability. A few mutants with 
markedly increased thermostability have been isolated. However, structure guided mutagenesis 
is not likely to become a general route to the isolation of new biocatalysts because, (i) the three 
dimensional structure of a protein is required as a starting point, and the three dimensional 
structure is not available for most polypeptides and (ii) while the prediction of amino acid 
15 substitutions that affect stability has been met with some success, mutations that increase or 
dramatically alter catalytic activity have been very difficult to predict. 

B. The Present Invention 

It is proposed, according to the present invention, to provide a general approach for the 
efficient screening of very large libraries of virtually any polypeptide for desirable activity. 

20 This approach employs directed evolution for the selection of enzymes and, further, can be 
applied to the screening of antibody libraries. This provides an extremely powerful tool for the 
selection of such polypeptides. Moreover, the development of methods that achieve stable 
anchoring and polypeptide display on the surface of a bacterial cell such as E. coli, has provided 
the basis for new methods of rapid and efficient selection of polypeptides from libraries 

25 expressed in the host cells. With the polypeptide on the surface, exposed directly to the 
aqueous media, the activity of the polypeptide can be assayed directly, without having to worry 
about transport of assay reagents into cells. 

The methods disclosed herein are particularly advantageous because they allow 
30 unprecedented rapid and efficient selection, purification and screening of polypeptide libraries 
from bacterial host cell surfaces, providing several advantages over phage libraries. Unlike 



WO 98/49286 PCT/US98/08714 

-14- 

most other methods used for screening and assay, the disclosed methods are well-suited for 
commercial adaptation. Assay procedures are greatly facilitated because of the cell surface 
display aspect, permitting the use of simple centrifugation to remove the cells from an assay 
sample. Assays thus are very rapid and inexpensive as they do not require complex or expensive 
5 equipment. 

In a first embodiment, relating to directed enzyme evolution, the invention comprises 
the following approach. A target enzyme (or catalytic antibody) which is to be subjected to 
mutagenesis is first displayed on the surface of E. coli bacteria as a fusion to a surface-targeting 

10 vehicle. This technology was developed by Georgiou and coworkers and has been used to 
display a number of proteins on the bacterial surface (Francisco et aL, 1992; 1993a; 1993b; 
Georgiou et aL, 1996). By displaying the target enzyme on the bacterial surface it will be fully 
accessible to molecules in the extracellular fluid. Thus, the enzyme is free to react with any 
substrate added to the cells without any of the limitations that are imposed when intracellular 

1 5 enzymes are studied. 

Expression of recombinant proteins on cell surfaces of Gram-negative bacteria is 
achieved by fusion to segments of a major lipoprotein and OmpA; however, fusion to protein 
domains other than those derived from the major lipoprotein and OmpA is also envisioned, 

20 provided that these domains can function for the expression of the desired polypeptide on the 
cell surface. Generally, the desired polypeptide is fused to an amino acid sequence that includes 
the signals for localization to the outer membrane and for translocation across the outer 
membrane. The amino acid sequences responsible for localization and for translocation across 
the outer membrane may be derived either from the same bacterial protein or from different 

25 proteins of the same or different bacterial species. Examples of proteins that may serve as 
sources of localization signal domains are shown in Table 1 . 
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TABLE 1 - EXAMPLES OF OUTER MEMBRANE TARGETING SEQUENCES 



Organism 


Lpp 


E. coli (or functional equivalent in Salmonella) 


TraT 


£ coli (or functional equivalent in Salmonella) 


OsmB 


E. coli (or ftmctional equivalent in Salmonella) 


NlpB 


E. coli (or functioned equivalent in Salmonella) 


BlaZ 


E. coli (or functional equivalent in Salmonella) 


Lppl 


Pseudomonas aeruginosa 


PA1 


Haemophilus influenza 


OprI 


E. coli 


17kDa lpp 


Riokettsia riokettsii 


H.8 protein 


Neisseria gonorrhea 


In addition 


a sequence that allows display of the polypeptide on the cell surface is 


required. Appropriate examples are shown in Table 2. 


TABLE 2 - EXAMPLES OF TRANSMEMBRANE SEQUENCES 


OmpA 


K coli or functional equivalent in Salmonella 


LamB 


E. coli or functional equivalent in Salmonella 


PhoE 


E. coli or functional equivalent in Salmonella 


OmpC 


E. coli or functional equivalent in Salmonella 


OmpF 


E. coli or functional equivalent in Salmonella 


OmpT 


E. coli or functional equivalent in Salmonella 


FepA 


K coli or functional equivalent in Salmonella 
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Several fusion protein strategies for the display of relatively short peptides on the 
surface of Gram-negative bacteria have been described (Table 3). Short peptides of less than 60 
amino acids residues can be displayed on the cell surface when fused into surface exposed loops 
of outer membrane proteins (OMPs) from enteric bacteria (Hofhung et aL, 1991 ; Charbitt et aL, 
5 1988; Agterberg et aL 1990; Su et aL, 1992; Wong et ai f 1995; Newton et aL, 1996). Hofhung 
and coworkers were the first to demonstrate that peptides inserted within permissive sites of the 
E. coli outer membrane protein LamB are displayed on the cell surface, accessible to antibodies 
in the extracellular fluid and have thus been exploited extensively for practical applications 
Hofnung et aL, 1991; Brown, 1992; O' Callaghan et aL, 1990; Sousa et aL t 1996). However, it 

10 was quickly realized that the insertion of peptides longer than 60 amino acids perturbs the 
overall conformation and assembly of the carrier, interfering with the localization of the fusion 
proteins (Hofnung et aL, 1991; Charbitt et aL, 1988; Agterberg et aL 1990). Moreover, the 
positioning and length of the peptide insert plays a critical role in the efficient surface display 
and recognition of the inserted epitope (Su et aL, 1992; Wong et aL, 1995; Newton et aL, 

15 1996). 
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In a different approach, Fiers and colleagues expressed the immunoglobulin G-binding 
domain of protein A of Staphylococcus aureus on the surface of E. coli using PapA, the major 
subunit of the Pap pilus (Steidler et aL, 1993). Other groups have used flagellum or pilus 
subunits to develop expression systems for the surface presentation of antigenic/immunogenic 
5 epitopes derived from pathogens, suitable for the development of live recombinant vaccines 
(Newton et aL, 1995; Pallesen et aL, 1995; Van Die et aL, 1990). 

For reasons that are not fully understood, subunits of cellular appendages and outer 
membrane porins are not suitable for the surface display of large polypeptides. To overcome 

10 this problem it has been necessary to use surface display carrier proteins that are exported via 
more specialized mechanisms (Salmong et aL, 1993). For example, the targeting of many 
lipoproteins from Gram-negative bacteria onto the outer membrane is determined only by the 
presence of a short N-terminal sequence. Because of this property, several lipoproteins have 
been tested as potential carriers for surface display (Taylor et aL, 1990; Laukkanen et aL, 1993; 

15 Fuchs et aL, 1991; Cornellis et aL, 1996). Unfortunately, lipoprotein fusions have been found 
to be either detrimental to the integrity of the cell envelope causing extensive cell lysis, or to be 
tethered to the interior face of the outer membrane, in which case they are not exposed to the 
extracellular fluid (Laukkanen aL, 1993;CornelIis et aL, 1996). 

20 These limitations have been addressed by constructing an Lpp-OmpA hybrid display 

vehicle consisting of the N-terminal outer membrane localization signal from the major 
lipoprotein (Lpp) fused to a domain from the outer membrane protein OmpA (Franscisco et aL, 
1992) . OmpA mediates the display of passenger proteins fused to the C-terminal of the Lpp- 
OmpA hybrid. Lpp-OmpA fusions have been used to successfully display on the surface of E. 

25 coli several proteins varying in size between 20 and 54 kDa (Stathopoulos et aL, 1996). Among 
the proteins that have been tested thus far only the dimeric bacterial enzyme alkaline 
phosphatase (phoA) could not be displayed on the cell surface (Stathopoulos et aL, 1996). 

The IgA proteases of Neisseria gonorrhoeae and Hemophilus influenzae use a variation 
30 of the most common, Type II secretion pathway (Salmong et aL, 1993), to achieve extracellular 
export independent of any other gene products (Klauser et aL, 1993). Specifically, the C- 
terminal domain of the IgA protease forms a channel in the outer membrane that mediates the 
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export of the N-terminal domain across the membrane which in turn becomes transiently 
displayed on the external surface of the bacteria. This export mechanism is used by a number 
of extracellular proteins from pathogenic bacteria (Klauser et al, 1993; Jose et al, 1995; Suzuki 
et al, 1995; St. Geme et al. 1994). Replacement of the native N-terminal domain of IgA 
5 protease or VirG with the cholera toxin B subunit or the periplasmic K colic protein MalE, 
respectively, resulted in the surface presentation of the passenger polypeptides (Suzuki et al, 
1995; Klauser et al, 1990). 

Unlike the IgA protease, the lipoprotein pullulanase (PulA) of Klebsiella pneumoniae, 
10 which is also exported via a type Ii secretion mechanism, requires 14 genes for its translocation 
across the outer membrane (Salmong et al., 1993). Pugsley and coworkers have shown that the 
lipoprotein pullulanase (PulA) can facilitate translocation of the periplasmic enzyme B- 
lactamase across the outer membrane. However, pullulanase hybrids remain only temporarily 
attached to the bacterial surface and are subsequently released into the medium (Kornacker et 
15 al t 1990). Although the lack of permanent association with the cell wall is not detrimental for 
vaccine development, it is a serious limitation in other applications such as library screening. 

Expression systems for the display of proteins in Gram-positive bacteria have also been 
developed (Fischetti, 1996). Uhlen and colleagues used fusions to the cell-wall bound, X- 
20 domain of protein A, for the display of foreign peptides up to 88 amino acids long to the surface 
of Staphylococcus strains (Hansson et al, 1992; Samuelson et al, 1995). In other studies, the 
fibrillar M6 protein of Streptococcus pyogenes was employed as a carrier for antigen deliver in 
Streptococcus cells (Pozzi et al, 1992). 

25 Protein display applications has also spurred the development of suitable expression 

systems for yeast cells. Surface display expression systems for yeast have relied primarily on 
the fusion of passenger proteins to agglutinin, a protein involved in cell adhesion (Schreuder et 
aL 1993; Schreuder et al, 1996; Schreuder et al, 1996; Boder and Wittrup et al 1997). The 
AGal agglutinin is tightly bound to the cell wall through its C-terminus. N-terminal fusions to 

30 the cell wall domain of AGA1 are stably anchored on the cell surface. This system has been 
used for the surface expression of a variety of enzymes and binding proteins (Schreuder et al, 
1996). Mating-type a cells use the two subunit agglutinin a for cell adhesion. Recently the 
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second subunit of agglutinin a (Aga2p) was used as a vehicle for the surface display of 
antibodies and peptides (Boder and Wittrup et al, 1997). In this case, the passenger 
polypeptide is fused to the C-terminus of AGA2 which, in turn, is linked to the AGA1 via 
disulfide bonds. 

5 

The gene encoding the target enzyme is mutagenized by conventional techniques to 
generate a library of mutants. The library of mutants will be screened using a highly sensitive 
single cell assay. Cells exhibiting the desired activity will be isolated. This will involve the 
following: (i) design of a fluorescent substrate for the desired reaction; and may involve 
10 immobilization of the cells onto micron-size particles; and (ii) screening and isolation of 
fluorescent microparticles either by fluorescent activated cell sorting or by using a 
micromanipulator. 

In a second embodiment, the present invention relies on the same cell surface display of 
15 polypeptides as described above, except that the polypeptide to be expressed on the host cell 
surface is an antibody. The screening methods are practiced by first constructing an antibody 
library, using any of several well-known techniques for library construction. For example, after 
selecting an immunogen, one may immunize a mammal by conventional means and collect 
antiserum. mRNA from spleen may be used as template for PCR amplification; for example 
20 employing primers complementary to constant and variable domain framework regions of 
different antibody subclasses. Alternatively, DNA from polyclonal populations of antibodies 
may be amplified, fragmented if desired, ligated into pTXIOl or a similar vector as described in 
U.S. Patent 5,348,867, incorporated herein by reference, and transformed into a host cell. 

25 C. Expression Libraries and Mutagenesis 

The present invention involves the display of polypeptides on the surface of a bacteria. 
U.S. Patent No. 5,348,867, addressing this topic, is specifically incorporated by reference. As 
used herein, the term polypeptide refers to any protein and includes antibodies, antibody 
fragments, receptors, enzymes, cytokines, transcription factors, clotting factors, chelating agents 
30 and hormones. 
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Genes for polypeptides of interest are fused to the 3* of a sequence that encodes a cell 
surface targeting domain. The cell envelope of E. coli and other gram-negative bacteria 
consists of the inner membrane (cytoplasmic membrane), the peptidoglycan cell wall and the 
outer membrane. Although the latter normally serves as a barrier to protein secretion, a 
5 targeting sequence has been developed that, when fused to normally soluble proteins, can direct 
them to the cell surface (Francisco et aL 9 1992; 1993). The surface targeting domain includes 
the first nine amino acids of Lpp, the major lipoprotein of E. coli fused to amino acid 46-159 of 
the Outer Membrane Protein A (OrripA). The function of the former is to direct the chimera to 
the outer membrane whereas the OmpA sequence mediates the display of proteins at the C- 
10 terminal of OmpA. Lpp-OmpA(46-159) fusions have been used to anchor a variety of proteins 
such as 6-Iactamase, a cellulose binding protein and alkaline phosphatase on the £ coli surface. 
However, other analogous surface targeting domains may be employed to stably anchor the 
recombinant polypeptides on the cell surface. 

15 Methods for the display of virtually any polypeptide on the surface £ coli are described 

in U.S. Patent Number 5,348,867. Any library encoding a set of related polypeptide sequences 
may be displayed on the surface of £ coli. Examples of such libraries include, libraries derived 
by mutagenesis of a homologous or heterologous protein, random peptide libraries, epitope 
libraries and libraries of recombinant antibody fragments, all of which may be created by 

20 methods known to those skilled in the art. 

Exemplary of the surface expression method is an Lpp-OmpA (46-159)-antibody fusion 
expressed in a gram-negative bacterium. Due to the presence of the Lpp-OmpA(46-159) 
sequence, the fusion is localized on the outer membrane such that the N-terminal domain is 
25 embedded in the bilayer and the antibody sequence is fully exposed on the cell surface. 
Recombinant antibodies expressed on the cell surface as Lpp-OmpA(46-159) fusions are 
functional and bind to antigens with high affinity. Such fusions, manipulated as described 
below, will constitute preferred forms of the expression libraries of the present invention. 

30 Mutagenesis 

Where employed (z.e., directed evolution), mutagenesis will be accomplished by a 
variety of standard, random mutagenic procedures. Mutation is the process whereby changes 
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occur in the quantity or structure of an organism. Mutation can involve modification of the 
nucleotide sequence of a single gene, blocks of genes or whole chromosome. Changes in single 
genes may be the consequence of point mutations which involve the removal addition or 
substitution of a single nucleotide base within a DNA sequence, or they may be the 
5 consequence of changes involving the insertion or deletion of large numbers of nucleotides. 

Mutations can arise spontaneously as a result of events such as errors in the fidelity of 
DNA replication or the movement of transposable genetic elements (transposons) within the 
genome. They are also induced following exposure to chemical or physical mutagens. Such 

10 mutation-inducing agents include ionizing radiations, ultraviolet light and a diverse array of 
chemical such as alkylating agents and polycyclic aromatic hydrocarbons all of which are 
capable of interacting either directly or indirectly (generally following some metabolic 
biotransformations) with nucleic acids. The DNA lesions induced by such environmental 
agents may lead to modifications of bas e sequence when the affected DNA is replicated or 

1 5 repaired and thus to a mutation. 

Insertional Mutagenesis 

Insertional mutagenesis is based on the inactivation of a gene via insertion of a known 
DNA fragment. Because it involves the insertion of some type of DNA fragment, the mutations 

20 generated are generally loss-of-function rather than gain-of-function mutations. However, there 
are several examples of insertions generating gain-of-function mutations (Oppenheimer et al 
1991). Insertion mutagenesis has been very successful in bacteria and Drosophila (Coo ley et 
al 1988) and recently has become a powerful tool in several plant species (corn; e.g., Schmidt 
et al 1987); Arabidopsis; e.g., Marks et al, 1991; Koncz et al 1990; Antirrhinum: e.g., 

25 Sommer etal 1990). 

Transposable genetic elements are DNA sequences that can move (transpose) from one 
place to another in the genome of a cell. The first transposable elements to be recognized were 
the Activator/Dissociation elements of Zea mays (McClintock, 1957). Since then they have 
30 been identified in a wide range of organisms, both prokaryotic and eukaryotic. 
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Transposable elements in the genome are characterized by being flanked by direct 
repeats of a short sequence of DNA that has been duplicated during transposition and is called a 
target site duplication. Virtually all transposable elements whatever their type, and mechanism 
of transposition, make such duplications at the site of their insertion. In some cases the number 
5 of bases duplicated is constant , in other cases it may vary with each transposition event. Most 
transposable elements have inverted repeat sequences at their termini, these terminal inverted 
repeats may be anything from a few bases to a few hundred bases long and in many cases they 
are known to be necessary for transposition. 

10 Prokaryotic transposable elements have been most studied in E. coli and Gram negative 

bacteria but are also present in Gram positive bacteria. They are generally termed insertion 
sequences if they are less than about 2 kilobases long or transposons if they are longer. 
Bacteriophages such as mu and D108 which replicate by transposition make up a third type of 
transposable element, elements of each type encode at least one polypeptide a transposase, 

15 required for their own transposition. Transposons further often include genes coding for 
function unrelated to transposition and often carry antibiotic resistance genes. 

Transposons can be divided into two classes according to their structure. Firstly, 
compound or composite transposons have copies of an insertion sequence element at each end 
20 usually in an inverted orientation. These transposons require transposases to be encoded by one 
of their terminal IS elements. The second class of transposon have terminal repeats of about 30 
base pairs and do not contain sequences from IS elements. 

Transposition is usually either conservative or replicative although in some cases it can 
25 be both. In replicative transposition one copy of the transposing element remains at the donor 
site and another is inserted at the target site. Conservative transposition the transposing element 
is excised from one site and inserted at another. 

Eukaryotic elements can also be classified according to their structure and mechanism of 
30 transportation. The primary distinction is between elements that transpose via an RNA 
intermediate and elements that transpose directly from DNA to DNA. 
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Elements that transpose via an RNA intermediate are often referred to as 
retrotransposons and their most characteristic feature is that they encode polypeptides that are 
believed to have reverse transcriptionase activity. There arc two types of retrotransposon: 
some resemble the integrated proviral DNA of a retrovirus in that they have long direct repeat 
5 sequences, long terminal repeats (LTRs), at each end. The similarity between these 
retrotransposons and pro viruses extends to their coding capacity. They contain sequences 
related to the gag and pol genes of a retrovirus, suggesting that they transpose by a mechanism 
related to a retroviral life cycle. Retrotransposons of the second type have no terminal repeats. 
They also code for gag- and po/-like polypeptides and transpose by reverse transcription of 
10 RNA intermediates but do so by a mechanism that differs from that or retro virus-like elements. 
Transposition by reverse transcription is a replicative process and does not require excision of 
an element from a donor site. 

Transposable elements are an important source of spontaneous mutations and must have 
15 influenced the ways in which genes and genomes have evolved. They can inactivate genes by 
inserting within them and can cause gross chromosomal rearrangements either directly through 
the activity of their transposases or indirectly as a result of recombination between copies of an 
element scattered around the genome. Transposable elements that excise often do so 
imprecisely and may produce alleles coding for altered gene products if the number of bases 
20 added or deleted is a multiple of three. 

Transposable elements themselves may evolve in unusual ways. If they were inherited 
like other DNA sequences then copies of an element in one species would be more like copies 
in closely related species than copies in more distant species. This is not always the case, 
25 suggesting that transposable elements are occasionally transmitted horizontally from one 
species to another. 

Chemical mutagenesis 

Chemical mutagenesis offers certain advantages, the ability to find a full range of 
30 mutant alleles with degrees of phenotypic severity, and is facile and inexpensive to perform. 
The majority of chemical carcinogens produce mutations in DNA. Benzo[a]pyrene, N-acetoxy- 
2-acetyl aminofluorene and aflotoxin Bl cause GC to TA transversions in bacteria and 
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mammalian cells . Benzo[a]pyrene also can produce base substitutions such as AT to TA. N- 
nitroso compounds produce GC to AT transitions. Alkylation of the 04 position of thymine 
induced by exposure to n-nitrosoureas results in TA to CG transitions. 



5 A high correlation between mutagenicity and carcinogenity is the underlying assumption 

behind the Ames test (McCann et ai, 1975 incorporated herein by reference) which speedily 
assays for mutants in a bacterial system, together with an added rat liver homogenate , which 
contains the microsomal cytochrome P450, to provide the metabolic activation of the mutagens 
where needed. 

10 

In vertebrates several carcinogens have been found to produce mutation in the ras proto- 
oncogene. N-nitroso-N-methyl urea induces mammary, prostate and other carcinomas in rats 
with the majority of the tumors showing a G to A transition at the second position in codon 12 
of the Ha-ras oncogene. Benzo[a]pyrene-induced skin tumors contain A to T transformation in 
15 the second codon of the Ha-ras gene. 

Radiation Muta genesis 

The integrity of biological molecules is degraded by the ionizing radiation. Adsorption 
of the incident energy leads to the formation of ions and free radicals, and breakage of some 
20 covalent bonds. Susceptibility to radiation damage appears quite variable between molecules, 
and between different crystalline forms of the same molecule. It depends on the total 
accumulated dose, and also the dose rate (as once free radicals are present, the molecular 
damage they cause depends on their natural diffusion rate and thus upon real time). Damage is 
reduced and controlled by making the sample as cold as possible. 

25 

Ionizing radiation causes DNA damage and cell killing, generally proportional to the 
dose rate. Ionizing radiation has been postulated to induce multiple biological effects by direct 
interaction with DNA or through the formation of free radical species leading to DNA damage 
(Hall, 1988). These effects include gene mutations, malignant transformation, and cell killing. 
30 Although ionizing radiation has been demonstrated to induce expression of certain DNA repair 
genes in some prokaryotic and lower eukaryotic cells, little is known about the effects of 
ionizing radiation on the regulation of mammalian gene expression (Borek, 1985). Several 
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studies have described changes in the pattern of protein synthesis observed after irradiation of 
mammalian ceils. For example, ionizing radiation treatment of human malignant melanoma 
cells is associated with induction of several unidentified proteins (Boothman, et at, 1989). 
Synthesis of cyclin and co-regulated polypeptides is suppressed by ionizing radiation in rat 
5 REF52 cells but not in oncogene-transformed REF52 cell lines (Lambert and Borek, 1988). 
Other studies have demonstrated that certain growth factors or cytokines may be involved in x- 
ray-induced DNA damage. In this regard, platelet-derived growth factor is released from 
endothelial cells after irradiation (Witte, et aL, 1989). 



10 In the present invention, the term "ionizing radiation" means radiation comprising 

particles or photons that have sufficient energy or can produce sufficient energy via nuclear 
interactions to produce ionization (gain or loss of electrons). An exemplary and preferred 
ionizing radiation is an x-radiation. The amount of ionizing radiation needed in a given cell 
generally depends upon the nature of that cell. Typically, an effective expression-inducing dose 

15 is less than a dose of ionizing radiation that causes cell damage or death directly. Means for 
determining an effective amount of radiation are well known in the art. 

In a certain embodiments, an effective expression inducing amount is from about 2 to 
about 30 Gray (Gy) administered at a rate of from about 0.5 to about 2 Gy/minute. Even more 
20 preferably, an effective expression inducing amount of ionizing radiation is from about 5 to 
about 15 Gy. In other embodiments, doses of 2-9 Gy are used in single doses. An effective 
dose of ionizing radiation may be from 10 to 100 Gy, with 15 to 75 Gy being preferred, and 20 
to 50 Gy being more preferred. 

25 Any suitable means for delivering radiation to a tissue may be employed in the present 

invention in addition to external means. For example, radiation may be delivered by first 
providing a radiolabeled antibody that immunoreacts with an antigen of the tumor, followed by 
delivering an effective amount of the radiolabeled antibody to the tumor. In addition, 
radioisotopes may be used to deliver ionizing radiation to a tissue or celL 

30 



Random and In Vitro Scanning Mutagenesis 
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Random mutagenesis may also be introduced using error prone PCR (Cadwell and 
Joyce, 1992). The rate of mutagenesis may be increased by performing PCR in multiple tubes 
with dilutions of templates. 

5 Structure-guided site-specific mutagenesis represents a powerful tool for the dissection 

and engineering of protein-ligand interactions (Wells, 1996, Braisted et al, 1996). One 
particularly useful mutagenesis technique is alanine scanning mutagenesis in which a number of 
residues are substituted individually with the amino acid alanine so that the effects of losing 
side-chain interactions can be determined, while minimizing the risk of large-scale 

1 0 perturbations in protein conformation (Cunningham et al , 1 989). 

Comprehensive information on the functional significance and information content of a 
given residue of an antibody can best be obtained by saturation mutagenesis in which all 19 
amino acid substitutions are examined. The shortcoming of this approach is that the logistics of 

15 multiiesidue saturation mutagenesis are daunting (Warren et al, 1996, Brown et al, 1996; Zeng 
et al, 1996; Burton and Barbas, 1994; Yelton et al, 1995; Jackson et al, 1995; Short et al, 
1995; Wong et al, 1996; Hilton et al, 1996). Hundreds, and possibly even thousands, of site 
specific mutants must be studies. For each mutant protein, the appropriate gene construct must 
be made, the DNA must be transformed into a host organism, transformants need to be selected 

20 and screened for expression of the protein, the cells have to be grown to produce the protein, 
and finally the recombinant mutant protein must be isolated. There have been only a handful of 
studies where one, or at most a few, residues in an antibody have been subjected to saturation 
mutagenesis. Even in those studies, only some of the mutants were examined in detail (Chen et 
al, 1996, Brumell et al, 1994). 

25 

In recent years, techniques for estimating the equilibrium constant for ligand binding 
using minuscule amounts of protein have been developed (Blackburn et al, 1991; U.S. Patents 
5,221,605 and 5,238,808.). The inventors own work however, has shown that the ability to 
perform functional assays with small amounts of material can be exploited to develop highly 
30 efficient, in vitro methodologies for the saturation mutagenesis of antibodies. The inventors 
bypassed cloning steps by combining PCR mutagenesis with coupled in vitro 
transcription/translation for the high throughput generation of protein mutants. Here, the PCR 
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products are used directly as the template for the in vitro transcription/translation of the mutant 
single chain antibodies. Because of the high efficiency with which all 19 amino acid 
substitutions can be generated and analyzed in this way, it is now possible to perform saturation 
mutagenesis on numerous residues of interest, a process that can be described as in vitro 
5 scanning saturation mutagenesis (Burks et ai , 1 997). 

In vitro scanning saturation mutagenesis provides a rapid method for obtaining a large 
amount of structure-function information including: (i) identification of residues that modulate 
ligand binding specificity, (ii) a better understanding of ligand binding based on the 
10 identification of those amino acids that retain activity and those that abolish activity at a given 
location, (iii) an evaluation of the overall plasticity of an active site or protein subdomain, (iv) 
identification of amino acid substitutions that result in increased binding. 

The surface-displayed antibodies molecules may further be presented as fusion proteins 
15 that include reporter molecules, e.g. alkaline phosphatase, luciferase, p-lactamase, green 
fluorescent protein and others. 

Enzyme Constructs 

In addition to the fusion constructions described above, vectors for enzyme expression 
20 require that appropriate signals be provided for the synthesis of mRNA and polypeptides, and 
include various regulatory elements such as enhancers/promoters from both bacterial and 
eukaryotic systems that drive expression of the enzymes of interest in the appropriate host cells. 
Elements designed to optimize messenger RNA stability and translatability in host cells also are 
defined. The conditions for the use of a number of dominant drug selection markers for 
25 establishing permanent, stable cell clones expressing the products are also provided, as is an 
element that links expression of the drug selection markers to expression of the polypeptide. 

(i) Regulatory Elements 
Throughout this application, the term "expression construct" is meant to include any 
30 type of genetic construct containing a nucleic acid coding for a gene product in which part or all 
of the nucleic acid encoding sequence is capable of being transcribed. In preferred 
embodiments, the nucleic acid encoding a gene product is under transcriptional control of a 
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promoter. A "promoter" refers to a DNA sequence recognized by the synthetic machinery of 
the cell, or introduced synthetic machinery, required to initiate the specific transcription of a 
gene. The phrase "under transcriptional control" means that the promoter is in the correct 
location and orientation in relation to the nucleic acid to control RNA polymerase initiation and 
5 expression of the gene. 

The term promoter will be used here to refer to a group of transcriptional control 
modules that are clustered around the initiation site for RNA polymerase IL Much of the 
thinking about how promoters are organized derives from analyses of several viral promoters, 
10 including those for the HSV thymidine kinase (tk) and SV40 early transcription units. These 
studies, augmented by more recent work, have shown that promoters are composed of discrete 
functional modules, each consisting of approximately 7-20 bp of DNA, and containing one or 
more recognition sites for transcriptional activator or repressor proteins. 

15 In prokaryotic gene expression, unlike eukaryotic systems the DNA is not separated 

from the cytoplasm by a nuclear membrane. There are also many other differences in mRNA 
processing of prokaryotes and eukaryotes. The first control point of prokaryotic gene 
expression is initiation of transcription. Transcription is initiated at positions defined precisely 
by promoters. Analysis of more than 100 promoters in E. coli has identified two consensus 

20 sequences positioned 350 and 10 base pairs upstream of the point in the DNA sequence where 
transcription begins. These sequences are involved in polymerase recognition and binding. 

The topology of promoter DNA is also important, numerous bacterial promoters are 
known to those of skill in the art (Makrides, 1996, incorporated herein by reference). The 

25 coiling of the double helix brings the two sequence motifs into the correct position for efficient 
recognition and binding of RNA polymerase. In some promoters, initiation of transcription is 
regulated by changes in the degree of supercoiling of the DNA (Lilley and Higgins, 1991). The 
RNA polymerase is a multi-subunit enzyme; the core enzyme is capable of transcriptional 
elongation on its own but requires the addition of a further subunit (a) in order to bind 

30 specifically to promoter sites and initiate transcription. The synthesis of a factors in 
prokaryotes allows the polymerase to be directed to different sets of promoters (Helmann and 
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Chamberlain, 1988). In B. subtilis, for example, several different a factors are produced at 
different stages so that different sets of genes can be turned on at each stage. 

In the absence of ancillary proteins the rate of initiation varies by up to a factor of at 
5 least a 1000 over the whole range of promoters in E. coli. The efficiency of initiation is related 
to the sequence and topology of the promoter region. Gene expression occurring in the absence 
of regulatory factors is known as constitutive. At many promoters, transcriptional initiation 
may be increase by binding to specific regulatory proteins. 

10 A feature of gene organization common to prokaryotes but rare in eukaryotes is the 

grouping of functionally related genes into operons. In an operon , genes encoding, for example 
the different enzymes of a metabolic pathway are clustered and are transcribed together into a 
polycistronic transcript, under the control of a single promoter. This transcript is then translated 
to give individual proteins. Operons enable the rapid and efficient coordinate expression of a 

15 set of genes required to respond to a change in the external or internal environment of the 
microorganism. Premature termination plays a part in the regulation of expression of operons. 

The termination of transcription occurs at specific sites. There are two types of 
termination events. The first (factor independent termination) occurs at sites defined by a series 
20 of U residues preceded by an inverted repeat that forms a stem-loop structure at the 3' end of the 
RNA transcript. This structure interferes with the polymerase action and leads to the release of 
the RNA. Factor dependent termination is dependent on the interaction of protein factor rho p 
with the RNA polymerase. 

25 In eukaryotic systems, at least one module in each promoter functions to position the 

start site for RNA synthesis. The best known example of this is the TATA box, but in some 
promoters lacking a TATA box, such as the promoter for the mammalian terminal 
deoxynucleotidyl transferase gene and the promoter for the SV40 late genes, a discrete element 
overlying the start site itself helps to fix the place of initiation. 

30 

Additional promoter elements regulate the frequency of transcriptional initiation. 
Typically, these are located in the region 30-110 bp upstream of the start site, although a 
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number of promoters have recently been shown to contain functional elements downstream of 
the start site as well. The spacing between promoter elements frequently is flexible, so that 
promoter function is preserved when elements are inverted or moved relative to one another. In 
the thymidine kinase promoter, the spacing between promoter elements can be increased to 50 
5 bp apart before activity begins to decline. Depending on the promoter, it appears that individual 
elements can function either co-operatively or independently to activate transcription. 

The particular promoter employed to control the expression of a nucleic acid sequence 
of interest is not believed to be important, so long as it is capable of direction the expression of 
10 the nucleic acid in the targeted cell. Thus, where a human cell is targeted, it is preferable to 
position the nucleic acid coding region adjacent to and under the control of a promoter that is 
capable of being expressed in a human cell. Generally speaking, such a promoter might include 
either a human or viral promoter. 

15 In various embodiments, the human cytomegalovirus (CMV) immediate early gene 

promoter, the SV40 early promoter, the Rous sarcoma virus long terminal repeat, rat insulin 
promoter and glyceraldehyde-3 -phosphate dehydrogenase can be used to obtain high-level 
expression of the coding sequence of interest. The use of other viral or mammalian cellular 
promoters which are well-known in the art to achieve expression of a coding sequence of 

20 interest is contemplated as well, provided that the levels of expression are sufficient for a given 
purpose. 

By employing a promoter with well-known properties, the level and pattern of 
expression of the protein of interest following transfection or transformation can be optimized. 
25 Further, selection of a promoter that is regulated in response to specific physiologic signals can 
permit inducible expression of the gene product. Tables 2 and 3 list several elements/promoters 
which may be employed, in the context of the present invention, to regulate the expression of 
the gene of interest. This list is not intended to be exhaustive of all the possible elements 
involved in the promotion of gene expression but, merely, to be exemplary thereof. 

30 

One may include a polyadenylation signal to effect proper polyadenylation of the gene 
transcript in eukaryotic cells. The nature of the polyadenylation signal is not believed to be 
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crucial to the successful practice of the invention, and any such sequence may be employed 
such as human growth hormone and SV40 polyadenylation signals. Also contemplated as an 
element of the expression cassette is a terminator. These elements can serve to enhance 
message levels and to minimize read through from the cassette into other sequences. 

5 

(ii) Selectable Markers 

In certain embodiments of the invention, the cells contain nucleic acid constructs of the 
present invention, a cell may be identified in vitro or in vivo by including a marker in the 
expression construct. Such markers would confer an identifiable change to the cell permitting 
10 easy identification of cells containing the expression construct. Usually the inclusion of a drug 
selection marker aids in cloning and in the selection of transformants, for example, genes that 
confer resistance to ampicillin, tetracycline, neomycin, puromycin, hygromycin, DHFR, GPT, 
zeocin and histidinol are useful selectable markers. Alternatively, enzymes such as herpes 
simplex virus. 

15 

(iii) Multigene Constructs and IRES 

In certain embodiments of the invention, the use of internal ribosome binding sites 
(IRES) elements are used to create multigene, or polycistronic, messages. IRES elements are 
able to bypass the ribosome scanning model of 5' methylated Cap dependent translation and 

20 begin translation at internal sites (Pelletier and Sonenberg, 1988). IRES elements from two 
members of the picanovirus family (polio and encephalomyocarditis) have been described 
(Pelletier and Sonenberg, 1988), as well an IRES from a mammalian message (Macejak and 
Sarnow, 1991). IRES elements can be linked to heterologous open reading frames. Multiple 
open reading frames can be transcribed together, each separated by an IRES, creating 

25 polycistronic messages. By virtue of the IRES element, each open reading frame is accessible 
to ribosomes for efficient translation. Multiple genes can be efficiently expressed using a single 
promoter to transcribe a single message. 

Any heterologous open reading frame can be linked to IRES elements. This includes 
30 genes for secreted proteins, multi-subunit proteins, encoded by independent genes, intracellular 
or membrane-bound proteins and selectable markers. In this way, expression of several proteins 
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can be simultaneously engineered into a cell with a single construct and a single selectable 
marker. 

Antibody and Antibody Fragment Constructs 
5 Using the fusion technology described above > the present invention also contemplates 

the generation of host cells expressing, on their surface, antibodies or antibody fragments 
representing a library of antibodies produced in response to one or more immunogens. 
"Antibody" or "antibody fragment" refers to any immunologic binding agent such as IgG, IgM, 
IgA, IgD and IgE or any antibody-like molecule that has an antigen binding region, and 
10 includes antibody fragments such as Fab', Fab, F(ab , ) 27 single domain antibodies (DABs), Fv, 
scFv (single chain Fv) and the like. The techniques for preparing and using various antibody- 
based constructs and fragments are well known in the art. 

The specificity of an antibody is determined by the complementarity determining 
15 regions (CDRs) within the light chain variable regions (V L ) and heavy chain variable regions 
(V H ). The F ab fragment of an antibody, which is about one-third the size of a complete antibody 
contains the heavy and light chain variable regions, the complete light chain constant region and 
a portion of the heavy chain constant region. F ab molecules are stable and associate well due to 
the contribution of the constant region sequences. However, the yield of functional F ab 
20 expressed in bacterial systems is lower than that of the smaller F v fragment which contains only 
the variable regions of the heavy and light chains. The F v fragment is the smallest portion of an 
antibody that still retains a functional antigen binding site. The F v fragment has the same 
binding properties as the F ab , however without the stability conferred by the constant regions, 
the two chains of the F v can dissociate relatively easily in dilute conditions. 

25 

To overcome this problem, V H and V L regions may be fused via a polypeptide linker 
(Huston et al. y 1991) to stabilize the antigen binding site. This single polypeptide F v fragment 
is known as a single chain antibody (scF v ). The V H and V L can be arranged with either domain 
first. The linker joins the carboxy terminus of the first chain to the amino terminus of the 
30 second chain. 
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While the present invention has been illustrated with display of single chain F v 
molecules on the surface of the bacteria, one of skill in the art will recognize that heavy or light 
chain F v or F ab fragments may also be used with this system. A heavy or light chain can be 
displayed on the surface followed by the addition of the complementary chain to the solution. 
5 The two chains are then allowed to combine on the surface of the bacteria to form a functional 
antibody fragment. Addition of random non-specific light or heavy chain sequences allows for 
the production of a combinatorial system to generate a library of diverse members. 

Antibody and Antibody Fragment Gene Isolation 

10 To accomplish construction of antibodies and antibody fragments, the encoding genes 

are isolated and then modified to permit cloning into the expression vector. Although methods 
can be used such as probing the DNA for V H and V L from hybridoma cDNA (Maniatis et ai y 
1982) or constructing a synthetic gene for V H and V L (Barbas et aL, 1992), a convenient mode 
is to use template directed methods to amplify the antibody sequences. A diverse population of 

15 antibody genes can be amplified from a template sample by designing primers to the conserved 
sequences at the 3' and 5' ends of the variable region known as the framework or to the constant 
regions of the antibody (Iverson et aL, 1989). Within the primers, restriction sites can be placed 
to facilitate cloning into an expression vector. By directing the primers to these conserved 
regions, the diversity of the antibody population is maintained to allow for the construction of 

20 diverse libraries. The specific species and class of antibody can be defined by the selection of 
the primer sequences as illustrated by the large number of sequences for all types of antibodies 
given in Kabat et al. y 1987, hereby incorporated by reference. 

Messenger RNA isolated from the spleen or peripheral blood of an animal can be used 
25 as the template for the amplification of an antibody library. In certain circumstances, where it is 
desirable to display a homogeneous population of antibody fragments on the cell surface, 
mRNA may be isolated from a population of monoclonal antibodies. Messenger RNA from 
either source can be prepared by standard methods and used directly or for the preparation of a 
cDNA template. Generation of mRNA for cloning antibody purposes is readily accomplished 
30 by following the well-known procedures for preparation and characterization of antibodies (see, 
e.g., Antibodies: A Laboratory Manual, 1988; incorporated herein by reference). 
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Method of Producing Monoclonal Antibodies 

Generation of monoclonal antibodies (MAbs) follows generally the same procedures as 
those for preparing polyclonal antibodies. Briefly, a polyclonal antibody is prepared by 
immunizing an animal with an immunogenic composition in accordance and collecting antisera 
5 from that immunized animal. A wide range of animal species can be used for the production of 
antisera. Typically the animal used for production of anti-antisera is a rabbit, a mouse, a rat, a 
hamster, a guinea pig or a goat. Because of the relatively large blood volume of rabbits, rabbits 
are usually preferred for production of polyclonal antibodies. 

10 Immunogenic compositions often vary in immunogenicity. It is often necessary 

therefore to boost the host immune system, as may be achieved by coupling a peptide or 
polypeptide immunogen to a carrier. Exemplary and preferred carriers are keyhole limpet 
hemocyanin (KLH) and bovine serum albumin (BSA). Other albumins such as ovalbumin, 
mouse serum albumin or rabbit serum albumin can also be used as carriers. Recognized means 

15 for conjugating a polypeptide to a carrier protein are well known and include glutaraldehyde, 
m-maleimidobenzoyl-N-hydroxysuccinimide ester, carbodiimidcs and bis-diazotized benzidine. 

The immunogenicity of a particular immunogen composition may be enhanced by the 
use of non-specific stimulators of the immune response, known as adjuvants. Exemplary and 
20 preferred adjuvants include complete Freund's adjuvant (a non-specific stimulator of the 
immune response containing killed Mycobacterium tuberculosis) , incomplete Freund's 
adjuvants and aluminum hydroxide adjuvant. 

The amount of immunogen composition used in the production of polyclonal antibodies 
25 varies upon the nature of the immunogen as well as the animal used for immunization. A 
variety of routes can be used to administer the immunogen (subcutaneous, intramuscular, 
intradermal, intravenous and intraperitoneal). The production of polyclonal antibodies may be 
monitored by sampling blood of the immunized animal at various points following 
immunization. A second, booster injection, may also be given. The process of boosting and 
30 titering is repeated until a suitable titer is achieved. When a desired level of immunogenicity is 
obtained, the immunized animal can be bled and the serum isolated, stored and the spleen 
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harvested for the isolation of mRNA from the polyclonal response or the animal can be used to 
generate MAbs for the isolation of rnRNA from a homogeneous antibody population. 

MAbs may be readily prepared through use of well-known techniques, such as those 
5 exemplified in U.S. Patent 4,196,265, incorporated herein by reference. Typically, this 
technique involves immunizing a suitable animal with a selected immunogen composition, e.g. 
a small molecule hapten conjugated to a carrier, a purified or partially purified protein, 
polypeptide or peptide. The immunizing composition is administered in a manner effective to 
stimulate antibody producing cells. Rodents such as mice and rats are frequently used animals; 
10 however, the use of rabbit, sheep frog cells is also possible. The use of rats may provide certain 
advantages (Goding, pp. 60-61, 1986), but mice are preferred, particularly the BALB/c mouse 
as this is most routinely used and generally gives a higher percentage of stable fusions. 

Following immunization, somatic cells with the potential for producing antibodies, 
1 5 specifically B lymphocytes (B cells), are selected for use in the MAb generating protocol. 
These cells may be obtained from biopsied spleens, tonsils or lymph nodes, or from blood 
samples. Spleen cells and blood cells are preferable, the former because they are a rich source 
of antibody-producing cells that are in the dividing plasmablast stage, and the latter because 
blood is easily accessible. Often, a panel of animals will have been immunized and the spleen 
20 of animal with the highest antibody titer will be removed and the spleen lymphocytes obtained 
by homogenizing the spleen with a syringe. Typically, a spleen from an immunized mouse 
contains approximately 5 X 10 7 to 2 X 10 8 lymphocytes. 

The antibody-producing B lymphocytes from the immunized animal are then fused with 
25 cells of an immortal myeloma cell, generally one of the same species as the animal that was 
immunized. Myeloma cell lines suited for use in hybridoma-producing fusion procedures 
preferably are non-antibody-producing, have high fusion efficiency, and enzyme deficiencies 
that render then incapable of growing in certain selective media which support the growth of 
only the desired fused cells (hybridomas). 

30 

Any one of a number of myeloma cells may be used, as are known to those of skill in 
the art (Goding, pp. 65-66, 1986; Campbell, 1984). For example, where the immunized animal 
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is a mouse, one may use P3-X63/Ag8, X63-Ag8.653, NS1/1 .Ag 4 1, Sp210-Agl4, FO, NSO/U, 
MPC-11, MPC11-X45-GTG 1.7 and S194/5XX0 Bui; for rats, one may use R210.RCY3, 
Y3-Ag 1.2.3, IR983F and 4B210; and U-266, GM1500-GRG2, LICR-LON-HMy2 and 
UC729-6 are all useful in connection with human cell fusions. 

5 

One preferred murine myeloma cell is the NS-1 myeloma cell line (also termed P3-NS- 
1-Ag4-1), which is readily available from the NIGMS Human Genetic Mutant Cell Repository 
by requesting cell line repository number GM3573. Another mouse myeloma cell line that may 
be used is the 8-azaguanine-resistant mouse murine myeloma SP2/0 non-producer cell line, 

10 

Methods for generating hybrids of antibody-producing spleen or lymph node cells and 
myeloma cells usually comprise mixing somatic cells with myeloma cells in a 2:1 proportion, 
though the proportion may vary from about 20: 1 to about 1:1, respectively, in the presence of an 
agent or agents (chemical or electrical) that promote the fusion of cell membranes. Fusion 
15 methods using Sendai virus have been described by Kohler & Milstein (1975; 1976), and those 
using polyethylene glycol (PEG), such as 37% (v/v) PEG, by Gefter ct al, 1977). The use of 
electrically induced fusion methods is also appropriate (Goding pp. 71-74, 1986). 

Fusion procedures usually produce viable hybrids at low frequencies, about 1 X 10" 6 to 
20 1 X 10" 8 . However, this does not pose a problem, as the viable, fused hybrids are differentiated 
from the parental, unfiised cells (particularly the unfused myeloma cells that would normally 
continue to divide indefinitely) by culturing in a selective medium. The selective medium is 
generally one that contains an agent that blocks the de novo synthesis of nucleotides in the 
tissue culture media. Exemplary and preferred agents are aminopterin, methotrexate, and 
25 azaserine. Aminopterin and methotrexate block de novo synthesis of both purines and 
pyrimidines, whereas azaserine blocks only purine synthesis. Where aminopterin or 
methotrexate is used, the media is supplemented with hypoxanthine and thymidine as a source 
of nucleotides (HAT medium). Where azaserine is used, the media is supplemented with 
hypoxanthine. 

30 

The preferred selection medium is HAT. Only cells capable of operating nucleotide 
salvage pathways are able to survive in HAT medium. The myeloma cells are defective in key 
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enzymes of the salvage pathway, e.g., hypoxanthine phosphoribosyl transferase (HPRT), and 
they cannot survive. The B cells can operate this pathway, but they have a limited life span in 
culture and generally die within about two weeks. Therefore, the only cells that can survive in 
the selective media are those hybrids formed from myeloma and B cells. 

5 

This culturing provides a population of hybridomas from which specific hybridomas are 
selected. Typically, selection of hybridomas is performed by culturing the cells by single-clone 
dilution in microtiter plates, followed by testing the individual clonal supernatants (after about 
two to three weeks) for the desired reactivity. Simple and rapid assays include 
10 radioimmunoassays, enzyme immunoassays, cytotoxicity assays, plaque assays, dot 
immunobinding assays, and the like. 

The selected hybridomas are serially diluted and cloned into individual 
antibody-producing cell lines from which clones can then be propagated indefinitely to provide 

15 MAbs. The cell lines may be exploited for MAb production in two basic ways. A sample of 
the hybridoma can be injected (often into the peritoneal cavity) into a histocompatible animal of 
the type that was used to provide the somatic and myeloma cells for the original fusion. The 
injected animal develops tumors secreting the specific monoclonal antibody produced by the 
fused cell hybrid. The body fluids of the animal, such as serum or ascites fluid, can then be 

20 tapped to provide MAbs in high concentration. The individual cell lines could also be cultured 
in vitro, where the MAbs are naturally secreted into the culture medium from which they can be 
readily obtained in high concentrations. MAbs produced by either means may be further 
purified, if desired, using filtration, centrifugation and various chromatographic methods such 
as HPLC or affinity chromatography. 

25 

Following the isolation and characterization of the desired monoclonal antibody, the 
mRNA can be isolated using techniques well known in the art and used as a template for 
amplification of the target sequence. 

30 Amplification of Gene Fragments 

A number of template dependent processes are available to amplify the target sequences 
present in a given template sample. One of the best known amplification methods is the 
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polymerase chain reaction (PCR™), which is described in detail in U.S. Patents 4,683,195, 
4,683,202 and 4,800,159, and in Innis et al (1990), each of which is incorporated herein by 
reference in its entirety. Briefly, in PCR™, two primer sequences are prepared which are 
complementary to regions on opposite complementary strands of the target sequence. An 
5 excess of deoxynucleoside triphosphates are added to a reaction mixture along with a DNA 
polymerase, e.g., Taq polymerase. If the target sequence is present in a sample, the primers will 
bind to the target and the polymerase will cause the primers to be extended along the target 
sequence by adding on nucleotides. By raising and lowering the temperature of the reaction 
mixture, the extended primers will dissociate from the target to form reaction products, excess 
.10 primers will bind to the target and to the reaction products and the process is repeated. 
Preferably a reverse transcriptase PCR™ amplification procedure may be performed in order to 
quantify the amount of target amplified. Polymerase chain reaction methodologies are well 
known in the art. 

15 Another method for amplification is the ligase chain reaction ("LCR"), disclosed in EPA 

No. 320 308, incorporated herein by reference in its entirety. In LCR, two complementary 
probe pairs are prepared, and in the presence of the target sequence, each pair will bind to 
opposite complementary strands of the target such that they abut. In the presence of a ligase, 
the two probe pairs will link to form a single unit. By temperature cycling, as in PCR™, bound 

20 ligated units dissociate from the target and then serve as "target sequences" for ligation of 
excess probe pairs. U.S. Patent 4,883,750 describes a method similar to LCR for binding probe 
pairs to a target sequence. 

Qbeta Replicase, described in PCT Application No. PCT/US87/0088O, may also be used 
25 as an amplification method. In this method, a replicative sequence of RNA which has a region 
complementary to that of a target is added to a sample in the presence of an RNA polymerase. 
The polymerase will copy the replicative sequence which can then be detected. 

An isothermal amplification method, in which restriction endonucleases and ligases are 
30 used to achieve the amplification of target molecules that contain nucleotide S'-Jalpha-thio]- 
triphosphates in one strand of a restriction site may also be useful in the amplification of nucleic 
acids (Walker et ai y 1992). 
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Strand Displacement Amplification (SDA) is another method of carrying out isothermal 
amplification of nucleic acids which involves multiple rounds of strand displacement and 
synthesis, i.e., nick translation. A similar method, called Repair Chain Reaction (RCR) 

5 involves annealing several probes throughout a region targeted for amplification, followed by a 
repair reaction in which only two of the four bases are present. The other two bases can be 
added as biotinylated derivatives for easy detection. A similar approach is used in SDA. Target 
specific sequences can also be detected using a cyclic probe reaction (CPR). In CPR, a probe 
having a 3* and 5' sequences of non-specific DNA and middle sequence of specific RNA is 

10 hybridized to DNA which is present in a sample. Upon hybridization, the reaction is treated 
with RNaseH, and the products of the probe identified as distinctive products which are released 
after digestion. The original template is annealed to another cycling probe and the reaction is 
repeated. 

15 Other amplification methods are described in GB Application No. 2 202 328, and in 

PCT Application No. PCT/US89/01025, each of which is incorporated herein by reference in its 
entirety, may be used in accordance with the present invention. In the former application, 
"modified" primers are used in a PCR™ like, template and enzyme dependent synthesis. The 
primers may be modified by labeling with a capture moiety {e.g., biotin) and/or a detector 

20 moiety {e.g., enzyme). In the latter application, an excess of labeled probes is added to a 
sample. In the presence of the target sequence, the probe binds and is cleaved catalytically. 
After cleavage, the target sequence is released intact to be bound by excess probe. Cleavage of 
the labeled probe signals the presence of the target sequence. 

25 Other nucleic acid amplification procedures include transcription-based amplification 

systems (TAS), including nucleic acid sequence based amplification (NASBA) and 3SR (Kwoh 
et al, 1989). In NASBA, the nucleic acids can be prepared for amplification by standard 
phenol/chloroform extraction, heat denaturation of a clinical sample, treatment with lysis buffer 
and minispin columns for isolation of DNA and RNA or guanidinium chloride extraction of 

30 RNA. These amplification techniques involve annealing a primer which has target specific 
sequences. Following polymerization, DNA/RNA hybrids are digested with RNase H while 
double stranded DNA molecules are heat denatured again. In either case the single stranded 
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DNA is made fully double stranded by addition of second target specific primer, followed by 
polymerization. The double stranded DNA molecules are then multiply transcribed by a 
polymerase such as T7 or SP6. In an isothermal cyclic reaction, the RNAs are reverse 
transcribed into double stranded DNA, and transcribed once against with a polymerase such as 
5 T7 or SP6. The resulting products, whether truncated or complete, indicate target specific 
sequences. 

Davey et ai, EPA No. 329 822 (incorporated herein by reference in its entirety) disclose 
a nucleic acid amplification process involving cyclically synthesizing single-stranded RNA 

10 ("ssRNA"), ssDNA, and double-stranded DNA (dsDNA), which may be used in accordance 
with the present invention. The ssRNA is a first template for a first primer oligonucleotide, 
which is elongated by reverse transcriptase (RNA-dependent DNA polymerase). The RNA is 
then removed from the resulting DNA:RNA duplex by the action of ribonuclease H (RNase H, 
an RNase specific for RNA in duplex with either DNA or RNA). The resultant ssDNA is a 

15 second template for a second primer, which also includes the sequences of an RNA polymerase 
promoter (exemplified by T7 RNA polymerase) 5* to its homology to the template. This primer 
is then extended by DNA polymerase (exemplified by the large "Klenow" fragment of E. coli 
DNA polymerase I), resulting as a double-stranded DNA ("dsDNA") molecule, having a 
sequence identical to that of the original RNA between the primers and having additionally, at 

20 one end, a promoter sequence. This promoter sequence can be used by the appropriate RNA 
polymerase to make many RNA copies of the DNA. These copies can then re-enter the cycle 
leading to very swift amplification. With proper choice of enzymes, this amplification can be 
done isothermally without addition of enzymes at each cycle. Because of the cyclical nature of 
this process, the starting sequence can be chosen to be in the form of either DNA or RNA. 

25 

Miller et ai 7 PCT Application WO 89/06700 (incorporated herein by reference in its 
entirety) disclose a nucleic acid sequence amplification scheme based on the hybridization of a 
promoter/primer sequence to a target single-stranded DNA ("ssDNA") followed by 
transcription of many RNA copies of the sequence. This scheme is not cyclic, Le. y new 
30 templates are not produced from the resultant RNA transcripts. Other amplification methods 
include "race" and "one-sided PCR" (Frohman, 1990; O'Hara et al y 1989). 
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Methods based on ligation of two (or more) oligonucleotides in the presence of nucleic 
acid having the sequence of the resulting "di-oligonucleotide", thereby amplifying the di- 
oligonucleotide, may also be used in the amplification step (Wu et aL y 1989). 



5 Amplification products may be analyzed by agarose, agarose-acryiamide or 

polyacryiamide gel electrophoresis using standard methods (see, e.g., Maniatis et ai 1982). For 
example, one may use a 1% agarose gel stained with ethidium bromide and visualized under 
UV light. Alternatively, the amplification products may be integrally labeled with radio- or 
fluorometrically-Iabeled nucleotides. Gels can then be exposed to x-ray film or visualized 
1 0 under the appropriate stimulating spectra, respectively. 

Semisynthetic Antibody Gene Fragments and Preparation of Mutants 
Genes for antibody fragments also may be generated by semisynthetic methods known 
in the art (Barbas et al. y 1992). Using the conserved regions of an antibody fragment as a 
15 framework, variable regions can be inserted in random combinations one or more at a time to 
alter the specificity of the antibody fragment and generate novel binding sites, especially in the 
generation of antibodies to antigens not conducive to immunization such as toxic or labile 
compounds. Along the same lines a known antibody sequence may be varied by introducing 
mutations randomly or site specifically. This may be accomplished by methods well known in 
20 the art such as mutagenesis with mismatched primers or error-prone PCR™ (Innis, 1990). 



D. Host Cells, Methods of Producing Host Cells and "Dead Man" Selection 

Virtually any cell may be used as a host cell, but the ease with which bacterial cell are 
handled makes these a preferred embodiment, at least where eukaryotic modification events 
25 (glycosylation, etc.) are not necessary. For example, mammalian cells, plant cells and yeast 
cells all may be employed. Preferred bacterial hosts include Gram negative bacterial cells, 
particularly £ coli y although Salmonella, Klebsiella, Erwinia, Pseudomonas aeruginosa, 
Haemophilus influenza, Rickettsia rickettsii. Neisseria gonorrhea, etc. also are suitable. 

30 Bacterial cells in which polypeptides are expressed may be readily immobilized, thus 

allowing rapid recovery and efficient removal from the system. One may use membranes, 
dipsticks or beads through a chemically promoted coupling reaction in addition to other well- 
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known immobilization matrices. In this manner, the cells can be separated from the solution 
without the need for a centrifugation step. 

Bacterial cultures may be supplied in forms that have an indefinite shelf life and yet can 
be readily prepared for use; for example as "stab cultures" or lyophilized preparations; the user 
may prepare large amounts in liquid culture as needed. The reagent is thus renewable as 
compared with other polypeptide reagents that are "used up" and must be replaced continually. 
Bacterial cultures may be prepared fresh without concern about shelf-life of reagents that must 
be stored until use. 

Selection 

Growth studies of bacteria have demonstrated that the viability of positive bacteria cells 
(with fusion proteins) and negative cells (without fusion proteins or with truncated fusion 
proteins) vary significantly. The quantity of negative cells overwhelm the positive cells after 
the required 12 to 24 hours growth. For example, the percentage of positive cells in a library 
may decrease 10 to 100 fold during the growth period. Since most FACS are optimally 
designed for sorting mammalian cells which are 10 to 100 times larger than bacterial cell, even 
using the most stringent selection mode, the negative cells may be selected along with the 
positive cells. 

Elimination of these negative cells in a presort library is a very important step for a 
successful sorting experiment. A number of approaches may be used to eliminate negative 
cells. 

Negative selection systems 
The blue-white screening system has been widely used for library screening in 
molecular biology. In this system, a p-galactosidase enzyme is used as a reporter protein 
(Maniatis, 1989), and a multiple cloning site (MCS) is located in the middle of the p- 
galactosidase gene. An insertion of DNA into the MCS may result in the interruption of the p- 
galactosidase gene. Thus, these cells with the DNA insert will not be able to produce an active 
P-galactosidase, and consequently cannot convert the substrate (X-gal) into a colored product, 
while the cells without an insert can produce p-galactosidase and hydrolyze the substrate into 
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the indigo colored product. This allows for selection of colorless colonies which usually have 
an insert are picked and streaked onto a new plate. The process is repeated until a plasmid 
carrying a DN A insert is confirmed. Finding a positive colony with the right insert may require 
several rounds of selections. Since the selection is performed on an agar plate, the speed of 
5 screening is not suitable for high throughput screening (for example, millions of colonies per 
day). 



Positive selection systems 
The direct selection of an antibody with enhanced catalytic activity or altered specificity 
10 is possible when the reaction of interest can be coupled to the growth or survival of a cell, such 
as the release of an essential nutrient or cofactor. However, many reactions of interest do not 
easily lend themselves to such a selection scheme. In addition, prokaiyote metabolism is very 
complex, and bacteria are usually capable of adapting to new metabolic pathways, resulting in a 
large number of false positives (Lesley, 1993). 

15 

A variety of positive selection vectors have been developed to prevent the existence of 
the cells carrying non-insert plasmids. All the strategies rely on the inactivation of either a 
lethal gene (O'Connor 1982, Henrich 1986, Kuhn 1986, Bernard 1994), a lethal site (Hagan 
1982), a dominant function conferring cell sensitivity to metabolites (Dean 1981, Burns 1984, 
20 Pierce 1992, Gossen 1992) or a repressor of an antibiotic-resistance function (Nikolnikov 
1984). Most of these strategies are not well adapted for general use due to their large size, the 
limited number of cloning sites, or the need of special host strain and special culture medium. 
Another problem of these systems is that they are not an expression system, and the inserted 
gene cannot be expressed unless it carries a complete promoter and operator sequence. 

25 

Seehaus has fused scFv DNA into the gene encoding (i-lactamase (Bla) at the 3'- 
terminus of the signal sequence. Only those clones carrying inserts that are in frame with Bla 
gene can survive ampicillin selection, while others that carry out-of-frame deletions or internal 
stop codons are eliminated. This strategy can be applied to the Georgiou/Iverson system, 
30 however, the size of the fusion protein Bla (58 to 60 Kda) creates another problem when the 
strategy is implemented. Only small proteins (<53 Kda) can be displayed on the surface of £ 
coli and still retain significant activity (Stathopulos 1996). A lpp-OmpA-scFv-Bla Fusion 
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protein is too big to be displayed on the surface of bacteria. Nevertheless, this general 
resistance fusion strategy can be modified for the present purposes. 

The inventors have employed new positive ("dead man") selection systems in the 
5 present invention using two approaches to eliminate negative cells. In the first approach, the 
target gene is fused with part of an antibiotic gene and used as an insert. Without the insert, the 
cloning vector does not process the specific antibiotic resistance, and the cells having the self- 
ligated vectors are eliminated by antibiotic selection. Two different plasmids were constructed 
with two antibiotic markers, penicillin resistance and chloramphenicol resistance, as well as the 
10 surface expression Lpp-OmpA machinery (same as pTX152 which can express the scFv on the 
surface of E. coli). 

In one embodiment a plasmid was constructed to eliminate cells without surface- 
expressed scFv. A restriction site was introduced in the middle of the chloramphenicol acetyl 
15 transferase (CAT) gene and in the middle of scFv gene. The N-terminal part of CAT (200bps) 
was fused to the end of scFv gene by overlapping PCR, while the cloning vector carried the C- 
terminal part of antibiotic gene. The cells that contain a plasmid without the appropriate insert 
(for example, antibody gene and N-terminal part of CAT) cannot express functional CAT 
protein, so they are eliminated in a chloramphenicol medium. 

20 

In another embodiment, a plasmid is constructed to eliminate cells that carry a 
advertition stop codon in the middle of the scFv gene. The promoter and ribosome binding site 
(rbs) for CAT are eliminated, and both surface expression Ipp-OmpA-scFv gene and CAT gene 
are under control of a single promoter and operator. Thus, the CAT gene can be transcribed but 

25 cannot be translated due to the lack of a rbs. The scFv gene and the CAT gene are fused in such 
a way that the stop codon of the scFv and the start codon of the CAT are arranged in the order 
of TAATG. When the ribosome stop at the TAA of scFV gene, it can frameshift a certain 
fraction of the time to the adjacent ATG codon thus restart the translation of CAT gene. The 
stop codons caused by an unexpected mutation in the middle of the scFv gene will force the 

30 ribosome to fall off the mRNA early, so it will not be able to translate the CAT gene. As a 
result, the cells that carry the stop codon(s) in the middle of scFv gene do not have 
chloramphenicol resistance and are not able to survive in chloramphenicol medium. 
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It is envisioned that analogous cloning vectors also might improve the construction and 
screening of phage display libraries by reducing the number of non-insert plasmids in the 
presort antibody libraries, and thereby reduce the number of selection rounds required. 

5 

Of course, it is understood that other antibiotic resistance genes such as the ampicillin 
resistance gene and kanamycin resistance gene can be fused to the antibody gene in this system. 
Furthermore, any gene product that is essential for bacterial growth may be used. 

10 Gene Transfer 

Technology for introduction of DN A into cells is well-known to those of skill in the art. 
Four general methods for delivering a gene into cells have been described: (i) chemical 
methods such as calcium phosphate precipitation (Graham et al. y 1973; Zatloukal et al y 1992); 
(ii) physical methods such as protoplast fusion, microinjection (Capecchi, 1980), 

15 electroporation (Wong et al y 1982; Fromm et al y 1985; U. S. Patent No. 5,384,253) and the 
gene gun (Johnston et al y 1994; Fynan et al y 1993); (iii) viral vectors (Lu et al y 1993; Eglitis et 
ai y 1988a; Eglitis et al y 1988b, Eglitis et al. y 1988c and Eglitis 1988d); and (iv) receptor- 
mediated mechanisms (Curiel et ai y 1991; 1992; Wagner et al y 1992). 

20 E. Methods For Detecting Analytes Using Cells Displaying Scfv Antibodies 

For the first time, a competitive immunoassay has been developed that takes advantage 
of anti-analyte binding antibodies immobilized on a bacterial cell surface. Several advantages of 
the disclosed immunoassay include generally the convenience, wide applicability and the 
simplicity, rapidity and sensitivity of the assay. In addition, selected host cells displaying an 
25 polypeptide of interest may be used to stimulate an immune response. 

The first step in the development of whole cells suitable for the detection of analytes is 
the screening of antibody libraries displayed on the cell surface. Cells displaying antibodies 
having affinity for a desired analyte are isolated. First, a library of cell surface displayed 
30 proteins is prepared as described elsewhere in the specification. For example a library of 
surface displayed scFv antibodies can be prepared as described in Example 7. Once an 
expression library has been prepared, the selected antigen for which one desires to identify and 
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isolate specific antibody or antibodies is labeled with a detectable label. There are many types 
of detectable labels, including fluorescent labels, the latter being preferred in that they are easily 
handled, inexpensive and non-toxic. The labeled antigen is contacted with the cells displaying 
the antibody expression library under conditions that allow specific antigen-antibody binding. 
5 Conditions can be varied so that only very tightly binding interactions occur; for example, by 
using very low concentrations of labeled antigen. 

Identifying the antibody or antibody fragment expressing cells may be accomplished by 
methods that depend on detecting the presence of the bound detectable label. A particularly 
10 preferred method for identification and isolation is cell sorting or flow cytometry. One aspect 
of this method is fluorescence activated cell sorting (FACS). 

Following selection of high affinity clones, the production of soluble antibodies can be 
achieved easily without the need for further subcloning steps. Thus, the clones may be 
15 maintained under standard culture conditions and employed to produce the selected antibody. 
Production of antibody is limited only to the scaleup of the cultures. 

The invention further includes competitive binding assays using cells with antibodies or 
analyte-combining antibody fragments expressed on the outer cell surface. As used in the 

20 context of the present invention, analyte is defined as a species that interacts with a non- 
identical molecule to form a tightly bound, stable complex. For practical purposes, the binding 
affinity is usually greater than about 10 6 M" ! and is preferably in the range of 10 9 -10 15 M" 1 . The 
analyte may be any of several types of organic molecules, including alicyclic hydrocarbons, 
polynuclear aromatics, halogenated compounds, benzenoids, polynuclear hydrocarbons, 

25 nitrogen heterocyclics, sulfur heterocyclics, oxygen heterocyclics, and alkane, alkene alkyne 
hydrocarbons, etc. Biological molecules are of particular interest, including amino acids, 
peptides, proteins, lipids, saccharides, nucleic acids and combinations thereof Of course it will 
be understood that these are by way of example only and that the disclosed immunoassay 
methods are applicable to detecting an extraordinarily wide range of compounds, so long as one 

30 can obtain an antibody that binds with the analyte of interest. 
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The disclosed whole cell immunoassay methods allow rapid detection of a wide range of 
analytes and are particularly useful for determination of polypeptides. The methods have been 
developed to take advantage of the binding characteristics of bacterial cell surface exposed anti- 
analyte antibodies. Such surface displayed antibodies are stable and bind readily with specific 
5 analytes. This unique form of protein expression and immobilization thus has provided the basis 
of an extremely rapid competitive assay that may be performed in a single reaction vessel in an 
"add and measure" format. Such assays can be described as "one-pot" reactions that make 
possible in situ detection of an analyte. 

10 A particular advantage of cell surface expressed antigen-binding antibodies is that the 

antibody is attached to the outer membrane of the cell. The cells therefore act as a solid support 
during the assay, thereby eliminating many of the manipulations typically required in preparing 
reagents required for existing immunoassay techniques. Optionally, cells with the antibody 
displayed on the surface may themselves be attached to a solid support such as a membrane, 

1 5 dipstick or beads to further facilitate removal of the cells following the assay. 

The immunoassays of the present invention may be used to quantitate a wide range of 
analytes. Generally, one first obtains the appropriate host cell culture where the anti-analyte 
antibody is displayed on the host cell surface, calibrates with standard samples of analyte, then 
20 runs the assay with a measured volume of unknown concentration of analyte. 

In conducting a competitive immunoassay in accordance with the disclosed methods, 
one first obtains a host cell that expresses an analyte binding antibody. The host cell is then 
contacted with a standard analyte sample that contains a known amount of an analyte linked to a 
25 detectable label employing conditions effective for forming an immune complex. Once 
calibration is completed, the same procedure is used with a second host cell that has the same 
antibody or analyte-combining fragment expressed on its surface, except that in addition to the 
standard labeled analyte sample, a test sample in which an unknown amount of analyte is to be 
determined is added. One is not limited to using the same host cell in this procedure. 

30 

In the actual assay, a known amount of the antibody-covered cells are placed in a 
solution of a known concentration of the analyte-conjugate along with an unknown 
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concentration of the analyte (the test solution). The analyte conjugate competes with free 
analyte in solution for binding to the antibody molecules on the cell surface. The higher the 
concentration of analyte conjugate in the solution, the fewer molecules of fluorescein analyte 
conjugate bind on the surface of the cells, and vice versa. 

5 

The mixture is centrifuged to pellet the cells, and the fluorescence of the supernatant is 
measured. The assay is quantitative because the amount of observed fluorescence is 
proportional to the concentration of analyte in the test sample, if there is a very low 
concentration of analyte to compete with the fluorescein conjugate, then most of the conjugate 

10 will bind to the cells and will be removed from solution. The more molecules of analyte in 
solution, the more molecules of analyte bind to the antibodies thereby preventing the conjugate 
from binding. In this case, more fluorescein conjugate remains in the supernatant to give a 
stronger fluorescence signal. The assay can be calibrated to generate a quantitative 
measurement of the unknown concentration of analyte. The entire assay requires less than one 

15 hour. Fluorescence determinations may be made with a basic fluorimeter. 

The present invention involves a novel method of carrying out competitive 
immunoassays using antibodies attached to the surface of cells. The disclosed immunoassays 
are useful for binding, purifying, removing, quantifying or otherwise generally detecting 
20 analytes. Antibodies expressed on bacterial cell surfaces have been shown surprisingly 
adaptable for use in competitive immunoassay procedures. In a particular example, the analyte 
digoxin, a cardiac glycoside, was determined using fluorescein-digoxin conjugate. The assay 
was quantitative with a sensitivity in the nanomolar range. 

25 Cells expressing an antibody fragment on their surface may also be linked to a solid 

support, such as in the form of beads, membrane or a column matrix, and the sample suspected 
of containing the unwanted antigenic component applied to the immobilized antibody. A 
purged or purified sample is then obtained free from the unwanted antigen simply by collecting 
the sample from the column and leaving the antigen immunocomplexed to the immobilized 

30 antibody. 
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Detection of immunocomplex formation is well known in the art and may be achieved 
through the application of numerous approaches. These approaches are typically based upon 
the detection of a label or marker, such as any of the radioactive, fluorescent, 
chemiluminescent, electrochemiluminescent, biological or enzymatic tags or labels known in 
5 the art. U.S. Patents concerning the use of such labels include 3,817,837; 3,850,752; 3,939,350; 
3,996,345; 4,277,437; 4,275,149 and 4,366,241, each incorporated herein by reference. Of 
course, one may find additional advantages through the use of a secondary binding ligand such 
as a second antibody or a biotin/avidin ligand binding arrangement, as is known in the art. 

10 The first added component that becomes bound within the primary immune complexes 

may be detected by means of a second binding ligand that has binding affinity for the surface 
expressed antibody. In these cases, the second binding ligand may be linked to a detectable 
label. The second binding ligand is itself often an antibody, which may thus be termed a 
"secondary" antibody. The primary immune complexes are contacted with the labeled, 

15 secondary binding ligand, or antibody, under conditions effective and for a period of time 
sufficient to allow the formation of secondary immune complexes. The secondary immune 
complexes are then generally washed to remove any non-specifically bound labeled secondary 
antibodies or ligands, and the remaining label in the secondary immune complexes is then 
detected. 

20 

Further methods include the detection of primary immune complexes by a two step 
approach. A second binding ligand, such as an antibody, that has binding affinity for the 
surface expressed antibody is used to form secondary immune complexes, as described above. 
After washing, the secondary immune complexes are contacted with a third binding ligand or 
25 antibody that has binding affinity for the second antibody, again under conditions effective and 
for a period of time sufficient to allow the formation of immune complexes (tertiary immune 
complexes). The third ligand or antibody is linked to a detectable label, allowing detection of 
the tertiary immune complexes thus formed. This system may provide for signal amplification 
if this is desired. 

30 

The competitive immunoassay discussed above requires one to set up a control sample. 
This sample comprises a second host cell expressing an analyte binding antibody. This is 



WO 98/49286 PCT/US98/0871 4 

-52- 

contacted with a known amount of analyte linked to a detectable label and a known amount of 
unlabeled analyte, i.e. the analyte to be detected or determined in the assay. After formation of 
the immunocomplexes, one measures the free label in solution after the cells have been 
separated. This measures the amount of residual detectable label as the decrease in, e.g., 
5 fluorescence emission, from which the amount of unknown analyte may be determined. A 
preferred fluorescent label is fluorescein. The inventors have found that measurement of the 
amount of residual label that is not bound to antibodies is proportional to the amount of analyte 
label in solution. This provides the basis for quantitative measure in that the increase in the 
amount of label is directly proportional to the analyte. Alternatively, the label may be measured 
10 in the complexes. In this type of measurement, the analyte is inversely proportional to the 
amount of label. 

Of course fluorescence labeling, while preferred, does not preclude the use of other 
detectable agents such as chemiluminescent agents, electrochemi luminescent agents, 
1 5 radioactive labels, enzymatic labels that form a colored product with a chromogenic substrate as 
well as other fluorescent compounds. A preferred fluorescent label is fluorescein while 
Ru(bpy) 3 2+ is preferred for use as an electrochemiluminescent agent. 

The invention is readily adaptable to the determination of multiple analytes. This is 
20 achieved using two or more different analyte-binding antibodies expressed in separate host 
cells. It is also possible to surface express more than one antibody on the surface of a particular 
host cell; however, this may cause interference in binding. One will, in these situations, use 
different detecting agents; for example, two different fluorescent labels, each with distinct 
emissions, such as fluorescein which emits at 520 nm and Texas Red which emits at 620 nm. 

25 

In certain uses of the assay, cells containing antibodies on the surface are produced as 
described previously. Antibodies known to bind tightly and specifically to a molecule of 
interest are employed. The molecule could be a medically relevant molecule, a marker 
molecule used in a scientific study, a pesticide of environmental concern in groundwater, etc. A 
30 covalent conjugate of the molecule with a fluorescent moiety such as fluorescein is synthesized 
for use as a probe in binding. Other detection agents include radioactive compounds, enzyme 
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conjugates, chemiluminescent reagents such as luciferase and electrochemiluminescent reagents 
such as Ru(bpy) 3 2+ . (Yang et al, 1994; Blackburn et a/., 1991). The assay may also be carried 
out using tritium as the labeling agent for the antigen and performing a radioimmunoassay. The 
radioactivity may be detected using a scintillation counter to measure binding constants up to 

5 10' 8 or lO^M" 1 . 

To perform the preferred assay, a known amount of the antibody-covered cells are 
placed in a solution of a known concentration of the molecule-fluorescein conjugate along with 
an unknown concentration of the molecule. The molecule-fluorescein conjugate competes with 
10 free molecules in solution for binding to the antibody on the cell surface. The higher the 
concentration of the molecule in the solution, the fewer molecules of fluorescein-molecule 
conjugate will bind to the surface of the cells, while lower concentrations of the molecule will 
result in more of the conjugate bound to the cell surface. 

15 Before measuring residual fluorescence, the cells are removed from the solution, most 

conveniently by pelleting, and the fluorescence of the supernatant measured. The assay is 
quantitative because the amount of observed fluorescence is proportional to the concentration of 
the molecule in the unknown sample. If there is a very low concentration of the molecule to 
compete with the fluorescein conjugate, most of the conjugate will bind to the cells and will be 

20 removed from the solution. The higher the concentration of the molecule in solution, the more 
molecules bind to the antibodies thereby preventing the conjugate from binding. In this case, 
more fluorescein conjugate remains in the supernatant to give a stronger fluorescent signal. The 
assay can be calibrated to generate a quantitative measurement of the unknown concentration of 
the molecule. The entire assay takes less than an hour and requires only a basic fluorimeter. 

25 

As part of the invention, immunoassay kits are also envisioned comprising a container 
having suitably aliquoted reagents for performing the foregoing methods. For example, the 
containers may include one or more bacterial cells with particular surface expressed analyte- 
binding antibodies. Suitable containers might be vials made of plastic or glass, various tubes 
30 such as test tubes, metal cylinders, ceramic cups or the like. Containers may be prepared with a 
wide range of suitable aliquots, depending on applications and on the scale of the preparation. 



WO 98/49286 PCT/US98/08714 

-54- 

Generally, this will be an amount in conveniently handled form, such as freeze-dried 
preparations, and sufficient to allow rapid growth of the bacterial cells as required. 

Such kits may optionally include surface-expressed antibodies in host cells that are 
5 immobilized on surfaces appropriate for the intended use. One may for example, provide the 
cells attached to the surface of microtiter plates, adsorbent resins, cellulose (e.g. filter paper), 
polymers, glass beads, etc. 

F. Methods for Screening Libraries of Surface Displayed Polypeptides for the 
1 0 Isolation of Polypeptides Capable of Binding to desired Target Molecules 

The present invention discloses general methods for the screening of polypeptide 
libraries for the isolation of polypeptides that recognize and binding to desired target molecules 
with high affinity. Cell expressing such high affinity polypeptides can then be readily 
employed for immunoassays as described in section E. of the specification. 

15 

The screening of combinatorial libraries of polypeptides is greatly facilitated by the 
display of the polypeptides on the surface of host cells. Simply, a cell population where each 
cell displays a different polypeptide is contacted with a desired ligand. The ligand is labeled 
such that it can allow the facile separation of cells that display polypeptides capable of binding 
20 the ligand. Examples of labels suitable for the purposes of this invention include fluorescent 
dyes and magnetic particles. Alternatively the desired target molecule can be immobilized on a 
suitable solid support. Cells producing surface displayed polypeptides capable of binding the 
desired target molecule thus adhere to the immobilized support and can be readily separated 
from cells that do not bind to the immobilized support. 

25 

FACS Separation of Desired Cells. Libraries of surface-displayed polypeptides are 
rapidly and efficiently sorted using fluorescence activated cell sorting techniques (FACS). 
FACS permits the separation of subpopulations of cells initially on the basis of their light 
scatter properties as they pass through a laser beam. Since cells are tagged with fluorescent- 
30 labeled product, they can are characterized by fluorescence intensity and positive and negative 
windows set on the FACS to collect label + (bright fluorescence) and label" (low fluorescence) 
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cells. Positive and negative windows are set to collect label + and label" cells, respectively. 
Cells are sorted at a flow rate of about 3000 cells per second and collected in positive and 
negative cells. 

5 Identification of antibody-expressing bacteria by FACS is directly based on the affinity 

for the soluble hapten thus eliminating artifacts due to binding on solid surfaces. This means 
only the high affinity antibodies are recovered by sorting following binding of low 
concentrations of fluorescently labeled antigen. There is no analogous method for specifically 
selecting phage with very high affinity. Additionally, the sorting of positive clones is 
10 essentially quantitative. It is limited only by the accuracy of the flow cytometer, which is on 
the order of 95%. In contrast with phage technology, the efficiency of selection is not limited by 
avidity effects because screening does not depend on binding to a surface having multiple 
antigens and thus the potential for multivalent attachment sites. 

15 Magnetic Separation of Desired Cells £ coli cells with surface expressed polypeptides 

can be incubated with paramagnetic particles (e.g. Miltenyi Biotec, Bergisch Gladbach) that 
themselves are coated with an antigen of interest. Paramagnetic particles are available with a 
variety of surface derivatization chemistries to allow for the covalent attachment of a wide 
range of antigens. Bacteria having polypeptides with high affinity for the antigen remain bound 

20 to the magnetic particles, and the complexes isolated following washing steps in a strong 
magnetic field that retains the paramagnetic beads. Alternatively, cells labeled with 
paramagnetic particles can be separated in a continuous magnetic separator. 

Separation of Cells by Adsorption onto Supports with Immobilized Target 
25 Molecules In another embodiment of the present invention, cells displaying polypeptides that 
bind to the desired target molecule may be isolated via selective adsorption onto solid matrices. 
In this case the cell population displaying the polypeptide library is contacted with a solid 
support in which the antigen is covalently immobilized via standard chemical immobilization 
methodologies. Cells that display polypeptides capable of interacting with the immobilized 
30 target molecules are retained on the solid support and can be separated from non-binding cells. 
Following several washes with buffer to remove non-specifically adsorbed cells, the cells that 
are bound via specific interactions are employed for further studies. Such specifically-bound 
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cells can be dissociated from the solid support either by adding large concentrations of the 
soluble desired molecule to serve as a competitor or, alternatively by adding growth media to 
allow the cells to grow. In the latter case the progeny of the bound cells is released from the 
solid support. 

5 

G. Methods for the Selection of Evolved Enzymes 

The immobilization onto micron sized particles generally involves bacteria being 
entrapped within agarose gel microdroplets (AGMs). This method involves entrapping 
microorganisms in AGMs (10 to lOOmicrons in diameter) which are surrounded by a 
10 hydrophobic (low dielectric) fluid, subsequently distinguishing occupied and unoccupied 
AGMs with colorimetric or fluorescence indicators, counting both occupied and unoccupied 
AGMs and applying statistical analyses to arrive at enumeration. It is possible to use a single 
preparation of AGMs containing a range of AGM sizes, to simultaneously provide a viable 
enumeration of growing and non-growing cells. 

15 

The microdroplets are produced by first emulsifying a solution containing bacteria and 
melted agarose. This results in the formation of liquid microdroplets suspended in oil. By 
lowering the temperature at which the agarose is made to polymerize, thus forming micron 
sized droplets containing bacterial cells. AGMs of approximately IO^iM in diameter have been 
20 made using standard procedure. The conditions for making AGMs that are occupied by one cell 
are well known to those of skill in the art (Weaver et aL 7 1991). 

This technique starts with a conventional cell suspension and generates a large number 
(10 6 ) of AGMs/ml by adding the cells to molten agarose and dispersing into mineral oil. This 

25 suspension of AGMs is then transiently cooled to a gelation state (Weaver et al^ 1984; Weaver, 
1997; Weaver et al. y 1988). Poisson statistics allow the measurement of size of those AGMs 
that have a high probability of containing zero or one initial cell or colony forming units. The 
AGMs can be transferred out of the mineral oil into a suitable growth medium and incubated to 
allow for the formation of microcolonies. These can then be stained with fluorescent dyes for 

30 one or more generic indicators of biomass, for example, nucleic acids (stained with propidium 
iodide) or proteins (stained with FITC) and then measured using flow cytometry generally with 
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single cell resolution, DNA staining may also be used and are well known to those of skill in 
the art (Powell, 1989; Mullere/tf/.,1997; van Tol MJ, etai, 1998). 

This assay method is applicable to any cell type which is amenable to being cultured in a 
5 gel-like matrix. The assay method has been successfully demonstrated on mammalian, fungal 
and bacterial cells (Weaver et a/., 1991). The method is sensitive to subpopulations with 
different growth rates and may be used for working with a mixed population of cells without the 
need for strain specific stains and is applicable to any growth based assay. 

10 For growth based assays the use of AGMs for the isolation of individual cells within 

AGMs thereby allowing both monoculture and mixed cell populations to be assayed. Further 
AGMs provide confinement of progeny of individual cells within AGMs, rapid measurement of 
large numbers of individual microcolonies by flow cytometry and a hybrid of plating and cell 
suspension culture. Other fundamental advantages include the extreme permeability of AGMs 

1 5 allowing convenient and rapid changes in culture conditions. AGMs respond rapidly to changes 
in physical conditions (heat, electric field, light ionizing radiation), and they are small and 
robust enough to be handled in a manner similar to the handling of cells Le. suspension, 
pipetting centrifuging and the like. It is possible to add additional matrix components 
(separately or in combination with agarose) to approximate a natural, complex extracellular 

20 environment and support the growth of cells which do not grow in agarose alone (Nilsson et al. , 
1987; Akporiaye et aL 9 1988) 

A variety of substrates can be used to assay the activity of, and ultimately select for, 
desirable mutant enzymes out of surface-expressed mutant enzyme libraries. Here the gene for 

25 an enzyme to be mutated is expressed on the surface of bacteria such as K coli by cloning the 
gene for the enzyme into a surface-expression vehicle such as the LPP-OmpA system 
(Francisco et ai y 1992, 1993). Mutant enzyme libraries can be created from these gene 
constructs using known methods such as chemical mutagenesis, error-prone PCR or 
amplification in a mutator strain. Identification of mutant enzymes with desirable properties 

30 such as novel substrate selectivity or remarkable catalytic activity can be achieved using 
substrates that change an assayable property, i.e. fluorescence intensity, ratio of multiple 
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fluorophore emissions, antibody detectable structural changes etc., upon catalytic action of the 
enzyme. 

Numerous formats can be used to create the substrates with assayable properties. For 
5 example, when assaying hydrolytic enzymes (lipases, esterases, phosphatases, etc.), a substrate 
can be synthesized that has a fluorophore (fluorescein, bodipy, etc.) and a quencher (eosin, 
tetramethyl rhodamine, etc.) attached on either side of the hydrolyzed bond. Enzymatic 
cleavage will result in separation of the fluorophore from the quencher leading to an assayable 
increase in fluorophore fluorescence. 

10 

For an enzyme that synthesizes a single product from two or more substrates (ligases, 
aldolases, kinases, various biosynthetic enzymes), different fluorophores or chromophores can 
be attached to the different individual substrates. The ratio of the emissions can be determined, 
and a one-to-one ratio would indicate enzymatic reaction. Alternatively, only one substrate 
15 could contain the fluorophore, and the presence of fluorophore emission on a product that is 
preferentially retained (see below) would indicate enzymatic reaction. Additional formats could 
be envisioned in which quenchers are attached to one of the substrates and a fluorophore is 
attached to another, so that reaction leads to quenching of emission. 

20 Finally, antibodies could be created that bind only products, not reactants, analogous to 

the detection used for cat-ELISA experiments (Tawfik et ai (1993)). Here the product-specific 
antibodies could be labeled with a fluorophore. The retention of the fluorophore emission 
would indicate the presence of product and hence an enzymatic reaction. This antibody labeling 
method should be applicable to almost any enzymatic process, regardless of reaction type, as 

25 long an antibodies could be found that can discriminate between substrates and products. 

Since the mutant enzymes will be displayed on the surface of the bacteria, there is no 
impediment to diffusion of the assayable substrate to the mutant enzymes. This direct substrate 
access will allow substrates of virtually any size or shape to be used to assay for catalytic 
30 activity, including polymeric species such as nucleic acids or peptides, that would not reliably 
diffuse into cells. 
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An essential element of the experimental design is that the spectroscopically identifiable 
product must remain associated with the bacterium having the surface-expressed enzyme. This 
can be accomplished by either of two methods. 



5 In the first method, the product is electrostatically trapped on the bacterial surface. 

Bacteria such as E. coli have negatively charged surfaces so that molecules with positive overall 
charge are retained on the cellular surface. Substrate systems in which the product(s) of the 
enzymatic reactions posses substantially more positive charge than substrate(s) will have 
product preferentially retained on the bacterium harboring the surface expressed mutant enzyme 

10 that carried out the reaction. By using low salt media, even after washing steps, the product can 
be retained on the bacteria long enough for screening and selection of the bacterial library using 
FACS. Here the gate of the FACS could be set to select for any number of parameters such as 
the presence of an unquenched fluorescent signal, the proper ratio between two fluorophores of 
different emission wavelengths, the specific retention of a single fluorophore, or the presence of 

15 product specific antibodies with covalently attached fluorophores. One or several rounds of 
mutagenesis and/or FACS selection could be used for enrichment of bacteria expressing desired 
mutants, and the selected bacteria can be plated directly for screening of individual colonies, or 
regrown in liquid media in preparation for further rounds of FACS selection. 

20 In the second method, the enzymatic reaction with substrate is carried out in AGM's 

(Weaver et ai, 1991) with enclosed bacteria from the surface-expressed enzyme library. A 
solvent is chosen, such as mineral oil, to suspend the AGM's such that the product of the 
enzyme reaction is only soluble in the aqueous environment of the AGM surrounding the cell, 
not the mineral oil. This will ensure that the AGM with the most active enzyme will 

25 accumulate the most product. If the product fluorescence can be distinguished from substrate, 
i.e. via unquenching (hydrolysis of a fluorophore/quencher substrate) or quenching (synthesis of 
a product with both a fluorophore and a quencher from substrates that contained only one or the 
other) then the AGM's with desired enzyme activities could be isolated by FACS or via 
fluorescence microscopy using a micromanipulator. 

30 
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For any of the previously mentioned selection strategies, the substrates can be changed 
dramatically all at once, or incrementally over the course of several rounds of selection. Either 
way, enzymes with dramatically different activities compared to wild type will be isolated. 

5 L Examples 

The following examples are included to demonstrate preferred embodiments of the 
invention. It should be appreciated by those of skill in the art that the techniques disclosed in 
the examples which follow represent techniques discovered by the inventor to function well in 
the practice of the invention, and thus can be considered to constitute preferred modes for its 
10 practice. However, those of skill in the art should, in light of the present disclosure, appreciate 
that many changes can be made in the specific embodiments which are disclosed and still obtain 
a like or similar result without departing from the spirit and scope of the invention. 

EXAMPLE 1 

15 SURFACE EXPRESSION OF ANTT-DI G OXIN SINGLE CHAIN FV ANTIBODIES 

E. coli strain JM109 [endAl recAl gyrA thi-1 hsdR17 (r k -, m h +) relAl supE44 
&(lac-proAB)/F' traD36 proAB lac? lacZAM15] was used for all studies. pTXIOl codes for an 
Lpp-OmpA-B-lactamase fusion (Francisco et ai, 1992). pTX152 codes for an 
Lpp-OmpA-scF v (digoxin) fusion, where the scF v (digoxin) is an anti-digoxin single chain F v 

20 consisting of the heavy- and light-chain variable regions (V H and V L ). The V H and V L , joined 
by a 15 amino acid [(Gly) 4 Ser] 3 linker (Huston et aL, 1988), were amplified from messenger 
RNA isolated from two separate anti-digoxin hybridomas. An 1 1 amino acid peptide from the 
Herpes Simplex Virus glycoprotein (Novagen) was introduced at the C-terminus of the scF v for 
analytical purposes. The presence of the HSV peptide allowed detection of the scF v (digoxin) 

25 protein by reaction with a monoclonal antibody specific for the 1 1 amino acid epitope. The 
sequence of the single chain F v antibody fragment is disclosed in SEQ ID NO: 2. pTX152 was 
constructed by first removing the bla from pTXIOl by digestion with EcoRI and BamHI. The 
amplified gene coding for the anti-digoxin scF v was then digested with EcoRI and BamHI and 
ligated into pTXIOl. Both pTXIOl and pTX152 carried the chloramphenicol resistance gene. 
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Cultures were grown in LB medium (Difco) supplemented with 0.2% glucose and 
chloramphenicol (50 jig/ml) at a temperature of either 24°C or 37°C. 

Overnight cultures grown at 24°C were harvested, resuspended in PBS at OD 60 o = 2.0 
5 and lysed by passage through a French pressure cell at 20,000 psi. The lysates were then 
diluted with 1 volume of phosphate buffered saline containing 2.0% bovine serum albumin 
(PBS/2% BSA) and 5 mM of the protease inhibitor phenylmethylsulfonyl fluoride (PMSF). 96 
well microtiter plates were incubated overnight at 37°C with 100 |j.l of 100 ug/ml of either 
bovine serum albumin (BAS) or digoxin-conjugated BSA (digoxin-BSA) in 0.1 M sodium 

10 carbonate buffer (pH 9.2). All subsequent steps were carried out at room temperature. The 
wells were fixed for 5 min with 100 uJ methanol and were then blocked for 45 min with 200 ul 
of pBS/1% BSA. After removing the blocking solution, the wells were incubated for 2 hr with 
100 fil of lysates, washed 3 times with 200 ul PBS/0.1% Tween 20 and incubated for 1 hr with 
100 iil/well of monoclonal antibodies against the HSV peptide or antiserum against 

15 B-lactamase. The wells were again washed 3 times with PBS/0.1% Tween, incubated for 1 hr 
with 100 (il of the appropriate secondary antibodies conjugated with horseradish peroxidase and 
were finally washed 5 times with PBS/0.1% Tween and 2 times with PBS. After addition of the 
substrate 2,2 , -azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Pierce, Rockford, Illinois) the 
absorbance of each well was measured at 410 nm. 

20 

Whole cell ELISAs were performed as described above except that 100 ul samples of 
overnight cultures that had been resuspended in PBS/1% BSA at OD 600 = 1 0 were used instead 
of cell lysates. 

25 For fluorescence microscopy, overnight cultures grown at 24°C were harvested, 

resuspended at OD^o = 0.5 in PBS containing 10 7 M fluorescein-conjugated digoxin 
(digoxin-FITC; ILS LTD, London) and were incubated at room temperature for 1 hr. Prior to 
microscopy the cells were washed once with PBS and resuspended in equal volumes of PBS 
and Vectashield mounting medium (Vector Laboratories) at an OD 600 of approximately 2.0. 

30 

The protein composition of whole cell membrane fractions isolated from overnight 
cultures was analyzed by SDS-PAGE on 12% acrylamide gels and by Western blotting using 
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anti-HSV monoclonal antibodies obtained from Novagen Inc. (Madison, WI), and anti-OmpA 
antiserum. Whole membrane fractions were prepared as described in Francisco et ai (1 992). 

Cells were grown in liquid culture at 37°C and used to isolate total membranes. The 
5 presence of a band of the expected size (42 kDa) was detected in Western blots of whole cell 
membranes probed with antibodies specific for OmpA and for the HSV peptide (FIG. 1A). 
Cells containing pTX152 produced a protein which reacted with both the HSV-specific and the 
OmpA specific sera, as expected for the Lpp-OmpA-scF v (digoxin) fusion. Control cells 
containing pTXIOl reacted only with OmpA antiserum. The lower molecular weight band in 
10 lanes 1 and 2 corresponds to the intact OmpA protein of E. coli. 

The near absence of lower molecular weight bands crossreacting with either the 
anti-HSV or the anti-OmpA antibodies indicated that the scF v (digoxin) was not subjected to 
proteolysis ostensibly because it was anchored on the cell surface and consequently is 
15 physically separated from intracellular proteases. The intensity of the 
Lpp-OmpA(46-159)-scF v (digoxin) band in FIG. 1A is comparable to that of the native OmpA 
band. The latter is a highly expressed protein that is present in the E. coli outer membrane at 
about 100,000 copies per cell (Lugtenberg & Van Alphen, 1983). The level of expression 
Lpp-OmpA(46-159)-scF v (digoxin) is on the order of 50,000-100,000 copies per cell. 

20 

The scF v domain of the Lpp-OmpA-scF v (digoxin) fusion protein encoded by pTX152 
was shown by ELISA to bind specifically to the hapten digoxin. Whole cell lysates from 
JM109/pTX152 and from JM109/pTXI0I as control were incubated on microtiter wells that 
had been coated with either digoxin-conjugated BSA (digoxin-BSA) or unconjugated BSA. 

25 Subsequently, the wells were treated with antibodies against the HSV peptide or 6-lactamase to 
detect Lpp-OmpA(46-159)-scF v (digoxin) or Lpp-OmpA(46-l59)-B-lactamase, respectively. 
FIG. 1A shows that lysates from JM198/pTX152 bound specifically to wells coated with 
digoxin-BSA but not to unconjugated BSA, whereas the lysates from the control strain, 
JM109/pTXl01, did not give a signal with either. Thus, Lpp-OmpA(46-159)-scF v (digoxin) is 

30 active and can bind to the hapten specifically. 
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FIG. IB shows the results of ELISAs using intact cells. Samples containing the same 
number of cells were used in all the studies. Cells containing the control plasmid, pTXIOl, 
gave the same low signal when incubated on microtiter wells coated with either unconjugated 
BSA or with digoxin-BSA. A similar weak signal was detected with JM109/pTX152 incubated 
5 on BSA-coated wells and is presumably due to non-specific binding. In contrast, a much higher 
absorbance was evident in wells coated with the digoxin-BSA conjugate indicating that there 
are active fusion protein molecules on the cell surface. 

The display of the active scF v antibody on the cell surface was confirmed by 
10 fluorescence microscopy (FIG. 2B). JM109/pTX152 cells were grown overnight at 24°C, 
incubated with a lxlO" 7 M solution of a digoxin-FITC conjugate for 1 hour and washed. As 
shown in FIG. 2A and FIG. 2B, all of the cells visible with phase contrast microscopy gave a 
strong fluorescence signal. In control studies, when JM109/pTX101 cells were incubated with 
the same concentration of digoxin-FITC and then washed, none of the cells became 
15 fluorescently labeled. Furthermore, protease treatment drastically reduced the ability of the 
cells to bind fluorescein-digoxin judging from the generation of a signal detectable by FACS. 

The intensity of the fluorescence signal from JM109/pTX152 was dependent on the cell 
growth temperature and was much higher for cultures grown at 24°C instead of 37°C. This was 
20 consistent with previous results showing that the amount of proteins expressed on the surface of 
& coli by fusion to Lpp-OmpA(46-159) increased as the temperature is decreased (Francisco et 
a/., 1992; 1993). Assuming that the efficiency of surface display in this case is similar to that of 
B-lactamase (Francisco et al. y 1992), then at 24°C virtually all the scF v antibody chains must be 
accessible on the cell surface. 

25 

Samples of 10 8 cells per ml from cultures grown at 24°C were incubated with 
digoxin-FITC at 10" 7 M, washed in buffer and diluted to 3x1 0 6 cells per ml prior to sorting. The 
samples were then analyzed using a FACSort flow cytometer. FIG. 3A and FIG. 3B show that 
the fluorescence intensity of JM101/pTX152 cells expressing a surface displayed recombinant 
30 antibody specific for digoxin was substantially higher than the intrinsic background signal of 
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control K coli cells. JMlOl/pTXIOl expressing Lpp-OmpA(46-159)-B-lactamase is used as a 
control. 

When JM109/pTX152 cells were preincubated with an excess of free digoxin prior to 
5 incubation with the digoxin-FITC conjugate, the fluorescence intensity of the cells was the 
same as for the background (FIG. 3D). This specific inhibition was also seen using 
fluorescence microscopy, and demonstrates that the surface expressed scF v (digoxin) specifically 
binds the fluorescently labeled hapten in the binding site and is not the result of nonspecific 
interactions. 

10 

Treatment of intact cells with trypsin prior to incubation with digoxin-FITC almost 
completely eliminated the population of fluorescently labeled cells detected by flow cytometry 
(FIG. 3C). In gram-negative bacteria, the outer membrane serves as a barrier to preclude the 
diffusion of large extracellular molecules such as proteins. The action of trypsin is limited to 
15 the proteolysis of proteins exposed on the external surface of E. coli (Kornacker & Pugsley, 
1990). Thus, the above result provides further evidence that the active scF v (digoxin) is indeed 
accessible on the outer surface, free to interact with molecules in solution. 

The scF v (digoxin) binding sites appeared to be fully saturated at concentrations of 
20 digoxin-FITC above 10~ 7 M. Appreciable fluorescent signal was clearly detected even at 
digoxin-FITC concentrations of 10~ 9 M. These results are consistent with a binding constant 
that is at least within an order of magnitude of the reported affinity of a soluble anti-digoxin 
scF v antibody (Huston et aL 9 1988). 

25 EXAMPLE 2 

ENRICHMENT OF CELLS DISPLAYING SCFv ANTIBODIES BY FACS 

Antibody expressing cells were sorted essentially quantitatively from an excess of 
control E. coli in a single step. Specifically, in mixtures containing JM109/pTX101 control 
cells at an excess of either 100:1 or 1,000:1, the fraction of the total population that was sorted 
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in the high fluorescence intensity window was 1.1% and 0. 1 % respectively (after subtracting the 
background), as expected from the ratio of input cells. 

The use of FACS for isolating rare clones from a very large excess of background was 
5 also demonstrated. JM109/pTX101 (cells displaying an unrelated protein on the cell surface) 
and JM101/pTX152 (cells displaying the scFv(digoxin) antibodies) were mixed at a ratio of 
100,000:1 and labeled with digoxin-FITC Following washing to remove any non-specific 
binding of the digoxin-fluorescein conjugate on the control E. colU 500,000 cells were run 
through the FACSort flow cytometer. A wide sorting gate, i.e., the minimum fluorescence 
10 required for acceptance of an individual cell, was selected such that up to 0.2% of the control 
cells fell within the sorting window. This ensured that all the scF v (digoxin) expressing cells 
would be recovered. The cells having an allowable fluorescence signal were collected and 
grown in fresh media at 37°C. 

15 An aliquot from that culture was used to inoculate fresh media and incubated at 24°C. 

Cells grown at this lower temperature were used for FACS because of the higher extent of 
surface display of the scF v (digoxin) antibody on the surface of cells grown at 24°C. 500,000 
cells from this culture were run again through the FACSort and those with a fluorescence within 
the allowable window were collected automatically under sterile conditions. The sorted 

20 population was grown first at 37°C and then subcultures at 24°C and was subjected to a final 
round of sorting as above. 

To ensure the complete absence of artifacts due to non-specific cell adhesion in the flow 
path of the FACSort, each run was followed by extensive washing with bleach. FIG. 3E, FIG. 

25 3F and FIG. 3G show the cell fluorescence distribution for the sorting runs. After only two 
rounds of growth and sorting, the fluorescence intensity of 79% of the cell population fell 
within the positive window. A similar enrichment was reproducibly obtained in three 
independent studies. These results were not due to a growth advantage of the cells expressing 
Lpp-OmpA(46-159)-scF v (digoxin), since successive regrowth of the input cell mixture in the 

30 absence of sorting did not result in any detectable enrichment. 
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To verify that the cells with the increased fluorescent signal after the final sorting step 
were indeed JM109/pTX152, a sample of cells from the final round of F ACS was plated on 
chloramphenicol plates and then replica plated on plates containing 100 u,g/ml ampicillin. The 
pTX152 plasmid confers resistance only to chloramphenicol whereas the plasmid pTXIOl 
5 which is present in the control cells also confers resistance to ampicillin. Over 95% of all the 
colonies examined were chloramphenicol resistant and ampicillin sensitive (cm + , amp"), 
consistent with the phenotype expected for JM101/pTX152 cells. As an additional test, plasmid 
DNA was isolated from eight cm + , amp-colonies and the presence of pTX152 was confirmed by 
restriction analysis. 

10 

The above results demonstrate that E. coli displaying a recombinant antibody on its 
surface can be recovered from at least a 10 5 -fold excess of control K coli simply by incubation 
with a fluorescent hapten and fluorescent activated cell sorting. Only two rounds of sorting and 
regrowth of the sorted cell population are needed for enrichment from a large excess of 
15 background. 

EXAMPLE 3 

SURFACE EXPRESSION OF ANTI-PIGOXIN ANTIBODY 
INCORPORATING PROTEASE CLEAVAGE SITE 

20 A construct similar to that used for surface expression of scF v (digoxin) can be modified 

to incorporate a protease cleavage site. For example, the recognition sequence of enterokinase 
[(Asp) 4 -Ile-Arg] can be introduced in the Lpp-OmpA(46-159)-scF v between the OmpA(46-159) 
and the scF v domains. The protease cleavage site at the N-terminal of the scF v antibody domain 
of the fusion protein is then used to release the scF v antibody in soluble form following 

25 treatment of the cells with the appropriate proteolytic enzyme. Because the outer membrane of 
E. coli serves as a protective barrier to the action of externally added proteases, very few 
contaminating proteins will be present in the culture supernatant. A single colony expressing a 
desired single chain F v antibody can be grown in liquid media and harvested by centrifugation 
after overnight growth at 24°C. The cells are resuspended in buffer to maintain the pH 

30 approximately neutral. Protease added at appropriate concentrations to the fusion protein to be 
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treated and incubated at least 4 hours at 4°C will release the soluble single chain F v . 
Subsequently the cell suspension is centrifuged and the supernatant containing the solubilized 
single chain F v antibody is collected. 

5 To separate the cleaved, soluble scF v antibody from the protease, as well as any £. coli 

trace contaminants, a His 6 sequence may be introduced at the C-terminus of the scF v using PGR 
amplification with the appropriate primers. Polyhistidine tails bind strongly to metals so that 
the fusion protein can be purified by immobilized metal-ion affinity chromatography (IMAC). 
The separation of the cleaved scF v antibody using is carried out as described by Georgiou et al 
10 (1994). 

Lpp-OmpA(46-159) fusions arc typically expressed at a high level, typically around 
5xl0 4 per cell. Thus the yield after protease treatment and IMAC is at least 2-3 mg of antibody 
per liter of shake flask culture. 

15 

EXAMPLE 4 

SOLID PHASE IMMUNOASSAYS 

This example illustrates a solid phase immunoassay using E. coli with anti-digoxin 
single chain F v displayed on the surface. This immunoassay is demonstrated to be a sensitive 
20 and quantitative technique. To facilitate the removal of the surface expressed antibody 
following the reaction with antigen, the cells may be attached to a solid support such as a 
membrane, dipstick or beads. 

Digoxin-FITC (The Binding Site Inc. (San Diego, CA) was diluted to a concentration of 
25 20nM in PBS. Digoxin (Sigma, St. Louis, MO) was brought to a concentration of l^M in PBS. 
The pTX152/JM109 cells were grown in LB overnight at 37°C then subcultured into fresh LB 
and grown overnight at room temperature. The cells were harvested and resuspended in PBS 
pH 7.4 at a concentration of 10 10 cells/ml, based on the O.D. 600 to form a cell stock. Some cells 
were also resuspended in 15% glycerol/water and stored at 70°C. Frozen cells yielded the same 
30 results as freshly prepared cells. 
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The following reagents were transferred to a 1.5 ml microcentrifuge tube, 25 |il of 20nM 
digoxin-FITC solution, 0.5-50 ^1 of luM digoxin and PBS to a final volume of 950uT The 
mixture was vortexed briefly and pulsed in an Eppendorf microcentrifuge. A 25pl or lOOjil 
5 aliquot of the cell stock (10 10 cells/ml) was added to the mixture and allowed to incubate for 1 
hour at room temperature. Following this incubation the cells were spun in a microcentrifuge 
for 5 minutes at 5,000 rpm and the supernatant collected. The fluorescence of the digoxin-FITC 
in the supernatant was measured using a fluorimeter. 

10 This immunoassay was also performed with the cells attached to a solid support. The 

solid support was Fisher filter paper P5 was cut into strips approximately 0.5cm x 2 cm, and 
dampened in PBS by submerging one end of the filter paper and allowing it to move upward. 
The filter paper was allowed to dry slightly and 10p.l of a solution containing 6xl0 9 cells/ml 
was applied to the filter paper. The cells were fixed to the paper with a solution of 6-PLP, 

15 8%PFA and NaI0 4 . The 6-PLP solution is lOmM 6-PLP, 200 mM MES, 700 mM NaCl, 50 
mM KC1, 700 mM Lysine-HCl, 50 mM MgCl 2 , and 70 nM EGTA followed by O.01M MgCl 2 
and 8% PFA. The 8% PFA was prepared by addition of 4g of PFA into 50 ml of water, 
followed by heating the solution to 70 °C with constant stirring. Approximately 2 drops of a 
1M solution of NaOH was added to the solution until it became clear. The solution was then 

20 filtered through Whatman filter paper #1, allowed to cool and stored at 4°C until use. The final 
fixative solution was produced by mixing the components A, B and C to a final volume of 10 
ml just prior to use, where A is 1 ml 6-PLP, 04 g sucrose and 3.03 ml water; B is 21.4 mg 
NaI0 4 ; and C is 4.62 ml 8% PFA. The fixative was applied dropwise to one end of the filter 
paper and allowed to soak upwards. The excess fixative was allowed to drain and the filter 

25 paper was washed twice with a solution of 100 mM NH 4 C1. The filter paper can then be stored 
in a solution of PBS until use. The assay was performed by removing the filter paper with the 
cells attached and then measuring fluorescence of the solution. 

Essentially quantitative assays for an antigen can be run using a mixture of a known 
30 amount of labeled antigen combined with an unknown amount of unlabeled antigen. In one 
exemplary study, pTX152/JM109 with antidigoxin antibody displayed on the surface were 
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grown in LB overnight at 37°C, subcultured into fresh LB and grown overnight at room 
temperature. The cells were pelleted and resuspended in PBS to form a stock solution of cells 
at a concentration of lxlO 10 cells/ml. A mixture of 25jli1 of 20 nm digoxin-FITC and an amount 
of l\iM free digoxin in the range of 0.5-50pl, was prepared and brought to a final volume of 
5 950jil with PBS. A 25pl or a lOOjil aliquot of the cell stock solution was added to the mixture 
to give a total of 0.25x1 0 9 or lxlO 9 cells. The mixture was then allowed to incubate at room 
temperature for 1 hour. The cells were pelleted and the fluorescence of the supernatant was 
measured for each sample. 

10 FIG. 4 shows a plot of the residual fluorescence observed with the indicated amount of 

free digoxin, 0.5 nM digoxin-FITC conjugate and either 250 million or 1 billion cells 
expressing the antidigoxin single chain antibody on their surface. To facilitate the removal of 
the surface expressing antibody cells following the reaction, the cells may be attached to a solid 
support. In this example the solid support consisted of a membrane however many other 

1 5 supports would work as well such as dipsticks or beads. 

Strips of filter paper were moistened with PBS and allowed to dry slightly. A 10 pi 
aliquot of a 6xl0 9 cells/ml of a cell suspension containing pTX152/JM109 cells displaying anti- 
digoxin antibodies on their surface was applied to the strips of pre-moistened filter paper. The 
20 cells were then fixed to the paper using a mixture of 6-PLP, PFA and NaI0 4 , as described in the 
materials and methods, and washed twice with a solution of lOOmM NH 4 C1. Following the 
incubation no centrifiigation is necessary the filter paper is simply removed from the solution 
and the residual fluorescence measured as described previously. 

25 The assays described in this example use fluorescence as the indicator of binding; 

however, other indicator reactions may be used such as radioactivity, enzyme conjugates and 
when the surface expressed antibody is catalytic, an assay for catalytic activity may be used. 
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EXAMPLE 5 

DISCRIMINATION OF SURFACE DISPLAYED ANTIBODY 
AFFINITY BY FLOW CYTOMETRY 

This example demonstrates that the display of antibodies on the surface of 
5 microorganisms constitutes the basis for discriminating between antibodies of different 
affinities. By adjusting the fluorescent antigen concentration, it is possible to discriminate 
binders of high affinity from those with moderate affinity. 

The heavy-chain residue Y33 of the scFv(digoxin) antibody is known to be critical for 

10 antigen binding (Short et al. y 1995). The following mutants of the scFv (digoxin) antibody: 
Y33N, Y33C, Y33S, Y33G, Y33STOP were constructed by overlap extension PCR™ (Ho et 
al, 1989). The large fragment from EcoR I digested pSD192 was purified and religated to 
yield pSD195 (AmpR). Primers Y33C.S, Y33N.s, Y33S.S Y33G.S, and Y33Stop.s along with 
3' primer CMI.5 were used to amplify 3 1 fragments for mutant constructions. The 5' overlap 

15 fragment was produced with primers #4 and #3 and overlapped with the mutant fragments using 
primers #4 and CMI.5. The resulting products were digested with EcoRI and ligated into 
pSD195, and electroplated into JM109 to yield Cm resistant mutants pY33N, pY33C, pY33S, 
pY33G, and pY33STOP. Overnight cultures were grown at 37°C and subcultured 1 :100 at 25 
°C for 20 hrs. Cells (200 were harvested into 1 ml PBS pH 7.1-7.4, pelleted by 

20 centrifugation at 3000 x g for 4 min, and resuspended in 1 .5 ml PBS. Cells were aliquoted into 
a clean eppendorf tube and BODIPY-digoxin or fluorescein-conjugated digoxin (The Binding 
Site, Eugene, OR) was added to final concentration of 10' 7 10" 8 and 10' 9 M. Cells were 
incubated at room temperature (22-24 °C) for 1 hr with gentle shaking, pelleted and 
resuspended in 1 ml PBS and analyzed by flow cytometry. At least 10,000 events were 

25 acquired on a Becton Dickinson (San Jose, CA) FACSort. Parameters were set in LOG mode 
as follows: FSC threshold: 50 or 80, FSC preamp E01, FL1 800, FL2: 800, SSC: 400. Debris 
and other particulate material were excluded by defining an appropriate FSC-SSC around the 
cell population. For equilibrium affinity analysis, 20 |al of culture were added directly from a 
24 hr, 25°C culture to 180 \il BODIPY-digoxin at 10, 5, 2.5, 1.25, 0.62 and 0 nM control in 96 
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well plate, and allowed to incubate 1 hr with gentle shaking. Cell samples were diluted fivefold 
in PBS and analyzed immediately by flow cytometry. 

The relative affinity of the mutants constructed were, as determined by in vitro ELISA 
5 data, Y33N (moderate), Y33S (low), Y33G (background), and Y33Stop (background). The 
flow cytometry data and previously obtained ELISA results (Burks et al 9 1997), are shown in 
FIG. 5A and FIG. 5B, respectively. Importantly, the flow cytometry data for individual Y33 
mutants correlate with ELISA data. In particular, the mean fluorescence signals vary in the 
manner WT > Y33N >Y33S > Y33G Y33Stop. The results further demonstrate that the high 
10 affinity wild-type scFv may be discriminated from the low affinity Y33S, and to a lesser extent, 
from the moderate affinity Y33N at concentrations of fluorescent-digoxin approximately 20- 
fold greater than the dissociation constant 

EXAMPLE 6 

15 FLOW CYTOMETRIC ASSAY FOR THE DETERMINATION OF 

ANTIGEN BINDING AFFINITIES OF ANTIBODIES DISPLAYED 
ON CELL SURFACES 

The availability of a fluorescent-antigen conjugate affords a simple and rapid method for 
flow cytometric affinity estimation of antibodies displayed on the cell surface. In this example 

20 cell aliquots were incubated with various concentrations of BODIPY-digoxin, diluted in PBS, 
and the mean total fluorescence was determined by flow cytometry. For detailed flow 
cytometric analysis, 20 ml were added direcdy from a 24 hr, 25 °C culture to 180 ml BODIPY- 
digoxin at 10, 5, 2.5, 1. 25, 0.62 and 0 nM in 96-well -plate, and allowed to incubate 1 hr with 
gentle shaking. Cell samples were diluted 1:5 in PBS for flow cytometric analysis. Mean 

25 fluorescence was recorded for each sample, and the resulting data were used to plot a saturation 
curve and calculate the relative dissociation constant. Fluorescence histograms for the wild- 
type antibody expressing cells over a range of concentrations is shown in FIG. 6A. Normalized 
saturation curves for three mutants with apparent affinities within 1 .5 fold of the wild type are 
shown in FIG. 6B. 

30 
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EXAMPLE 7 

SCREENING ANTIBODY LIBRARIES BY CELL SURFACE DISPLAY AND 
FLUORESCENCE-ACTIVATED CELL SORTING 

Vector construction for surface expression of scFv libraries. 
5 The successful construction and screening of polypeptide libraries displayed on the cell 

surface it was found to be important to construct novel vectors that eliminate the probability of 
contamination of the library with wild-type plasmid molecules. 

Thus, pSD195 containing only the N-terminal portion of the cat gene immediately 
10 downstream of the scFv to be expressed at the cell surface, was constructed. Two Pst I 
restriction sites were introduced, by silent mutagenesis, into the vector to simplify library 
construction. The first site was created just upstream of the scFv LCDR3 to be randomized and 
the second was introduced within the chloramphenicol resistance gene, (CmR). Removal of the 
Pst I insert followed by religation generated pSD195, which does not allow host growth in the 
15 presence of chloramphenicol (Cm), since cat is functionally inactivated. Thus, after library 
ligation and transformation, only clones that contain the correct PCR™ generated insert, in the 
correct orientation, will restore Cm resistance, and consequently, growth in the presence of Cm. 

All DNA manipulations were as described elsewhere (Maniatis, 1989). Restriction 
20 enzymes were from Promega (Madison, WI), and Pfu polymerase from Stratagene (La Jolla, 
CA). Escherichia coli strain JM109 was used for all cloning steps and library experiments. 
Oligonucleotides for PCR reaction are shown in Table 4. Overnight cultures were grown at 
37°C in LB media supplemented with 0.2% glucose, ampicillin (100 ng/ml) and 
chloramphenicol (30 |ig/ml), and subcultured 1:100 at 25°C for a specified duration. pTX152 
25 was digested with Pvu 1 and BamH I, and the small fragment from pTX152 was ligated into 
similarly digested pET-22b to yield pGC183. The chloramphenicol acetyl transferase gene (cat) 
was amplified from pBR325 with primers CM.l.s and CM.2.as, digested with EcoR I md Sph I 
and ligated into similarly digested pGC183 to yield pGC185. Finally, the digoxin scFv was 
reintroduced into pGC185 by ligating the EcoR l-BamH I fragment from pTX152 with similarly 
30 digested pGC185 to yield the pGC182 (ampR, cmR). Subsequently, the Pst I site was removed 
from pGC182 by replacing the AlwN l/Pvu I fragment with that from pUC18 giving rise to 
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pSDl 82. Pst I sites were introduced upstream of the light-chain CDR3 and within the cat gene 
by silent mutagenesis. Primers #4 and PIA.las (Rxnl), PIA.2s and PIB.las (Rxn2), and PIB.2s 
and Sphl.2.as (Rxn3) were used to amplify the corresponding fragments from pTX152, 
pSD182, and pBR322 respectively. Products from Rxn2 and Rxn3 were amplified with PIA.2 
5 and Sph\ .2as and the resulting product was overlapped with the Rxn 1 product using primers #4 
and Sphl.2as, digested with EcoR I and Sph I and ligated into similarly digested pSD182 to 
yield pSDl 92 (FIG. 7A). 
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Construction of cell surface displayed scFv Libraries 

The digoxin scFv light-chain codons for T91, V94, and P96 were chosen for 
randomization. Both T91 and P96 form important contacts with digoxin in the Fab crystal 
5 structure (Jeffrey et at., 1993), suggesting that they play an important role in determining the 
antibody affinity. 

Light-chain residues T91, V94 and P96 were randomized by PCR™ with Pfu 
polymerase (Stratagene, La Jolla, CA). Primers (Genosys, The Woodlands, TX) LCDR.3.S and 

10 CMI.5 were used to amplify the LCDR3-cmR 700bp fragment encoding the antibody LCDR3 
and cat gene fragment with non-Pst I containing pSDl 82 as a template to prevent wild-type 
contamination. The resulting PCR™ product was digested with Pst I, purified by gel 
electrophoresis and electroelution and ligated into Pst I digested, phosphatase treated pSD195. 
The resulting plasmid library was electroporated into JM109 to yield 2 xlO 5 transformants. 

1 5 After an 8 hr growth in liquid media, light-chain library plasmid DNA was prepared to provide 
a stock for subsequent library screening experiments. The probability that each amino acid 
sequence is represented in the library pool may be calculated, using a Poisson distribution 
(Lowman et al, 1991), to be greater than 85 %. Flow cytometric analysis of ten randomly 
picked clones showed 1/10 to weakly bind fluorescein-digoxin and 9/10 clones exhibited no 

20 binding. 

A second library was created by randomizing heavy-chain residues H99.K, H100.W, 
H100a.A, and HlOOb.M) using the NNS (S = G or C) or NNK (K=G,C,T) randomization 
scheme by overlap extension PCR (Hp et al. y 1989). pSD182 was digested with Xba 1 and the 

25 large fragment was purified by gel electrophoresis, and religated to yield pSDl 8 1 . pSDl 8 1 was 
digested with Xba 1 and Apa I, and the small fragment was gel purified and used as a template 
to produce the 3* mutagenic antibody-cat fragment. The 5' fragment was amplified from 
pTX152 with primers EcoRI.s and H3.as. After gel purification, 5' and 3' fragments were 
subjected to overlap extension PCR with primers #4 and PIB.as. PCR master mix (150 ml lOx 

30 Pfu buffer, 200 ^iM dNTPs, 8 ng/uL each primer, 1 ng/uL 5' and 3 1 template fragments and Pfu 
(0.03 u/mL and water to 1.5 ml) was transferred in 100 ml aliquots into thin- wall eppendorf 
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tubes and amplified as follows: i cycle 3 min (94 °C), 3.5 min (49 °C). 3 min (76 °C), 30 
cycles 2 min, 3.5 min , 3.5 min, 1 cycle 7 min (76 °C). Products were combined, precipitated 
with ethanol, resuspended in 500 uL TrisHCl (lOmM) pH=8.5, and purified by gel 
electrophoresis and electroelution. HC PCR DNA was digested with Pst I, precipitated, 
5 digested with Sal I, gel purified and electroeluted. pSD195 was digested with Sal I and Pst I 
Gel purified and electroeluted. Ligations ( 12 ug pSD195 Sal VPst I, 3.6 ug HC PCR Sal If Pst 
I, 40 fil ligase, 80 |*1 10X, water to 800 nl) were incubated 20 hr at 16 °C, heat inactivated 10 
min at 70 °C, ethanol precipitated, and resuspended in 60 \i\ Tris-HCl. Four aliquots of 15 fil 
were individually electroporated into 300 |il electrocompetant JM109 cells. Electroporation 

10 cuvettes were washed with 3 ml of SOC media, and incubated for 1 hr at 37 °C in a total 
volume of 60 ml. Prewarmed LB media (500 ml) supplemented with 0.4 % glucose, and 75 
jig/ml ampicillin was added and 1:10 and 1:100 dilutions were plated on LB plates 
supplemented with Cm (30|ig/ml) and Amp (100 jug/ml). Plating of dilutions revealed the 
library to contain 4 x 10 6 individual transformants. After 7 hrs of growth the culture was 

15 subcultured 1:50 into 500 ml LB, Amp (100), Cm (30), 0.2% glucose, and grown for 8 hr. 
Plasmid DNA was isolated to provide as a stock for HC library experiments. Flow cytometric 
analysis of the same twenty clones showed weak binding for three clones at 100 nM 
fluorescein-digoxin, and 17/20 clones displayed levels of fluorescence consistent with 
background or autofluorescence. 

20 

Clones that bind to the hapten digoxin were isolated from the library in a single step. 
This procedure is outlined in FIG. 8. Following incubation of a library aliquot with fluorescein- 
digoxin, cells displaying a total fluorescence greater than threshold value, which the user may 
gradually decrease to reduce selection stringency, were sorted and recovered by vacuum 

25 filtration onto a 0.2 \im membrane (Millipore, Bedford, MA). The membrane was transferred to 
an agar plate containing the appropriate antibiotics and incubated overnight at 37° C. 
Individual colonies were then grown in liquid media and assayed for high-affinity antigen 
binding by flow cytometry. Light-chain library DNA (3 |iL) was transformed into JM109 by 
electroporation. Following a 12 hr subculture at 25°C, 200 \i\ of the library culture was diluted 

30 into 1 ml of sterile PBS, pelleted in an microcentrifuge at 3000 g for 5 min, and resuspended in 
1.5 ml PBS. Library aliquots were incubated in the dark, with shaking, at 25°C with 
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fluorescein-digoxin tracer (10 7 , 10" 8 , 10" 9 M) for 1 hr, pelleted and resuspended in PBS at 
approximately 10 s cells/ml for flow cytometric analysis or sorting. 20,000 events were 
acquired for each concentration (FIG. 9A-FIG. 9F). Highly fluorescent cells were asceptically 
sorted in exclusion mode and filtered onto a 0.2 um cellulose acetate membrane (Millipore, 
Bedford, MA). The filter was transferred to an agar plate and incubated overnight at 37 °C. 
Individual colonies were picked and grown at 37 °C to saturation, subcultured at 25°C and 
grown 18 hr post selection analysis. Cells were labeled as described above with fluorescent 
digoxin tracer (I xlO " 7 M) and analyzed by flow cytometry. The amino acid sequences of 
clones displaying high fluorescence were determined by DNA sequencing and the affinity was 
characterized by flow cytometry. The combined results of two library sorting experiments are 
summarized in Table 5. 



TABLE 5 - SCFV (DIP VARIANTS ISOLATED FROM A 
LIGHT-CHAIN LIBRARY BY FACS 



Clone LCDR3 Relative 

Fluorescence 



•++ 



WT SQTTHVPPT SEQ ID NO:23 

LC1-1 SQATHMPGT SEQIDNO:24 

LCI -2 SQTTHFPVT SEQIDNO:25 

LC1-3 SQATHYPTT SEQIDNO:26 

LC2-3 SQCTHWPVT SEQ ID NO:27 

LC2-4 SQTTHVPPT SEQIDNO:28 ++ 

LC2-2 SQATHYPST SEQ ID NO:29 

LC2-6 SQATHSPST SEQIDNO:30 



PRESORT 

LC-I SQVTHGPRT SEQIDNO:31 + 

LC-2 SQGTHRPYT SEQIDNO:32 + 

LC-3 SQITHVPKT SEQIDNO:33 + 

TABLE 5 (Continued) 
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Clone 


LCDR3 


Relative 
Fluorescence 


LC-4 


SQLTHLPRT 


SEQ ID NO:34 




LC-5 


SQPTHVPPT 


SEQ ID NO:35 




LC-6 


SQVTHKPGT 


SEQ IDNO:36 




LC-7 


SQLTHWPST 


SEQIDNO:37 




LC-8* 


SQLTHGPRT 


SEQIDNO:38 




LC-9* 


SQLTHGPRT 


SEQ ID NO:39 


+ 


LC-10 


SQZTHGPFT 


SEQIDNO:40 





* LC-8 and LC-9 are unique at the DNA level 

+++ = 1 00 < mean fluorescence ( 1 0" 7 M) 
-H- = 60 < mean fluorescence < 100 



5 + = 30 < mean fluorescence < 60 
— < mean fluorescence < 30 

The heavy-chain library was first screened in a single pass essentially as described for 
the light-chain library, to demonstrate that high affinity scFv(dig) variants could be selected 

10 from large libraries using only a single FACS step. HCDR3 library DNA (3 (il) was 
electroporated into JM109 and grown 8 hr to saturation at 37 °C. After a 14 hr subculture at 25 
°C, 160 \x\ cells were harvested into 640 jil of 100, 15, and 0 nM BODIPY-digoxin in PBS. 
Cells were incubated with gentle shaking for 45 min. Propidium iodide was added to a final 
concentration of 5 (ig/ml and cell were incubated 15 min. Cells were washed twice with PBS 

15 and resuspended to give a FACSort event rate of 1000 s" 1 . Data from 50,000 events was 
acquired for each concentration (FIG. 10A). After sterilization of the FACSort with 70% 
ethanol, a total of 10 7 cells were sorted in recovery mode and 405 events were collected. Sorted 
cells were filtered onto a 0.7 \xm membrane (Millipore, Bedford, MA) and transferred to a petri 
dish containing a sterile presoaked petri pad (Millipore, Bedford, MA) and allowed to incubate 

20 overnight at 37°C. 192 colonies were picked with a pipette tip and grown in 200 jil in 96-well 
plates overnight. Cells were subcultured 1 : ] 00 and grown at 22-24 °C for 20 hr. In a fresh 96- 
well plates 10 [i\ cells was added to 90 nl of 18 nM BODIPY-digoxin. Cells were incubated 1 
hr and diluted into 500 ml PBS total for flow cytometric analysis. A total of 400 selected 
clones were picked and grown in 96-well plates for a preliminary flow cytometric analysis. 95/ 
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190 exhibited mean fluorescence greater than 100. Six clones did not grow. Plasmid DNA 
was purified from 40 clones exhibiting the highest levels of fluorescence (mean fluorescence 
intensity >150). Plasmid DNA was digested with Nco I to prevent unnecessary analysis of 
clones possessing the wild-type restriction site CGGATC. DNA sequencing results are shown 
5 in Table 6. 



TABLE 6 - HEAVY-CHAIN LIBRARY SCREENING RESULTS 



Clone 


HCDR3 




WT 


SSGNKWAMDY 


SEQIDNO:41 


1 


HC1.4 


SSGNYRALDY 


SEQ ID NO:42 


2.8 


HC10.3 


SSGNRRAWDY 


SEQ ID NO:43 


1.3 


HC10.2 


SSGNRRALDY 


SEQIDNO:44 


1.2 


HC8.1 


SSGNGRAWDY 


SEQ IDNO:45 


1.1 


HC1.3 


SSGNISALDY 


SEQ ID NO:46 


> 10 


HC2.1 


SSGNQRKMDY 


SEQ IDNO:47 


>5 



10 TABLE 7 - LCDR3 LIBRARY SPECIFICITY SORT SEQUENCES 



Clone LCDR3 Relative FL1 



WT 


SQTTHVPPT 


SEQ IDNO:48 


+++ 


LC2-5 


SQVTHRPLT 


SEQ IDNO:49 


+ 


LC2-7 


SQVTHDPGT 


SEQ ID NO:50 


+ 


LC3-1 


SQVTHCPST 


SEQIDNO:51 


++ 


LC3-7 


SQVTHWPPT 


SEQ IDNO:52 


+++ 


LC3-10 


SQVTHYPVT 


SEQIDNO:53 


+ 


+++ = 
++ = 
+ = 


100 < mean fluorescence ( 10" ; M) 
60 < mean fluorescence < 100 
30 < mean fluorescence < 60 







= < mean fluorescence < 30 

15 
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The heavy-chain library was also screened using a multiple-step FACS process to enrich 
high-affinity antibody expressing cells. A library aliquot was labeled with BODIPY-digoxin at 
70 nM, and sorted at 1200 s~ l . Cells were sorted directly into supplemented LB media and 
grown with shaking at 37 °C for 15 hrs. Cells were subcultured for 14 hrs and relabeled with 5 
5 nM BODIPY-digoxin . Cells were sorted a second time in exclusion mode and again amplified 
by growth. The final population was relabled with 5 nM BODIPY-digoxin and analyzed by 
flow cytometry. Fluorescence histograms for pre-enriched, as well as single and double- 
enriched populations are shown in FIG. 10B. 

1 0 Selection for altered specificity 

Selection based upon specificity was accomplished by preincubating the light chain 
library with the digoxin analog, digitoxin, and then subsequently labeling the preincubated cells 
with fluorescein-digoxin. An aliquot of the LCDR3 library was incubated with digitoxin (5 x 
10" 6 M) for 30 min at 25 °C with steady gentle inversion. Fluorescein-digoxin was added to 10" 

15 7 M and cells were incubated an additional hour. Cells were pelleted by centrifugation and 
resuspended to give a FACS event rate of 1000 s" 1 . A total of 10 6 cells were screened and cells 
displaying high fluorescence were collected by FACS. Colonies were picked grown for FACS 
analysis. Plasmid DNA was prepared from clones displaying a mean fluorescence greater than 
50 for DNA sequencing analysis. Sequencing analysis of five clones displaying high 

20 fluorescence showed a total consensus for the amino acid valine at wild-type position L91 
(Table 5). Ten of ten clones selected in the absence of digitoxin preincubation did not have a 
valine residue at that position. 

EXAMPLE 8 

25 EXPANDED STUDIES OF ANTIBODY AFFINITY MATURATION USING 

BACTERIAL SURFACE DISPLAY 

Preliminary library screening experiments revealed that selection efficiency is reduced 
by cloning artifacts resulting from the presence of a small number of clones that do not contain 
scFv(dig) gene inserts and thus exhibit improved growth. A simple cloning strategy was 
30 designed to ensure that all transformants growing under selective conditions contain full-size 
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inserts. Briefly, a 3' fragment of the chloramphenicol acetyltransferase gene (cat) was cloned 
downstream of the Lpp-OmpA' gene in the expression vector pSD195. Antibody genes were 
amplified by PCR together with the 5' cat fragment, such that ligation into pSD195 restored cat 
function (FIG. 7B). Only clones that contained the full-length PCR insert, in the correct 
5 orientation, were able to grow in the presence of chloramphenicol. 

A scFv(dig) library was created by PCR randomization of heavy-chain CDR3 residues 
K99, W100, AlOOa, and MIOOb using an NNS (S = G or C) randomization scheme. To 
eliminate the possibility that the wild-type DNA sequence (AA ATGGG CC4 TG. SEQ ID 

10 NO: 54,) will be selected upon screening, the mutagenized DNA was treated with Ncol, which is 
unique to the wild-type DNA sequence, such that the wild-type is eliminated without affecting 
the total amino acid diversity encoded by the library. In the resulting library, the wild-type 
amino acid sequence was encoded by a single, non- wild-type DNA sequence 
(AAGTGGGCGATG SEQ ID NO:55/ Sequence analysis of the library DNA in aggregate and 

15 of 20 randomly selected transformants did not reveal any codon bias, and all clones contained 
full-length scFv inserts. Given the number of transformants, and the equal distribution of bases 
at randomized positions, the probability that all possible sequences are represented is greater 
than 95%, assuming that a Poisson distribution applies (Lowman et ai, 1991). The 20 
randomly selected transformants were cultured in liquid media and labeled with 100 nM 

20 BODIPY-digoxin. The fluorescence of 17 of 20 clones was indistinguishable from background 
cellular autofluorescence (MFLI =15), while three clones displayed weak fluorescence (MFLI< 
60). 

The presence of rare clones expressing high-affinity scFv(dig) antibodies in the heavy- 
25 chain library was evaluated by labeling the cells with 100, 10, 1, 0.1, or 0.01 nM BODIPY- 
digoxin (FIG. 12). High-fluorescence events, defined as those occurring in region 1 (Rl, FIG. 
13), were detected at a frequency of about 0.01% using 1 nM BODIPY-digoxin and about 
0.001% with 0. 1 nM BODIPY-digoxin. For comparison, the 20 randomly selected 
transformants that had been sequenced to assess the diversity of the library were pooled and 
30 analyzed in the same manner. In this case, high fluorescence clones were not detected for 
antigen concentrations below 10 nM. 
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Prior to sorting, the library cell population was also labeled with propidium iodide to 
preferentially label non- viable cells (Lopez- Amoros et al y 1995). The use of propidium iodide, 
as both a viability and non-specific control stain (Leary, 1994), was found to enhance the 
enrichment of the target cells. The library was first screened after labeling with 10 nM 
5 BODIPY-digoxin and washing once in PBS (FIG. 13). A sort window was defined such that 
cells were recovered only if they exhibited high BODIPY fluorescence (FL1 channel), low 
propidium iodide fluorescence (FL2 channel) and an appropriate range of forward scatter values 

to account for cell size. More than 10? cells were sorted in recovery mode in less than two 
hours. Recovery mode enables the collection of all clones in the target window regardless of 

10 coincident non-target cells. Highly-fluorescent clones were enriched from a frequency of 
0.01% in the pre-sort population to about 20% following sorting (FIG. 13A and FIG. 13B, 
respectively), an enrichment factor of approximately 2000-fold. The sorted population was 
regrown in LB media and plated on selective agar plates. 96 colonies were picked at random, 
grown in a 96-well microliter plate, and subsequently analyzed by flow cytometry. 

15 Approximately 20% of clones (18/96) were highly fluorescent at 10 nM BODIPY-digoxin 
exactly as expected from the fluorescence distribution of the sorted population. DNA 
sequencing revealed a clear consensus at H(99)-(100b) for (K/R)RAL (SEQ ID NO:74; Table 
9). All HC1.1 clones analyzed (14/14) expressed scFv(dig) antibodies with hapten affinities less 
than 3 nM. 

20 

The entire collection of cells selected in the first round were regrown in liquid culture 
and a second round of enrichment was performed using conditions favoring clones with slower 
dissociation kinetics. Specifically, the cells were incubated with 10 nM BODIPY-digoxin, 
washed two times with PBS, and resuspended in 1 jiM unlabelled digoxin in PBS. The number 

25 of washing steps and the time of incubation in the presence of unlabelled digoxin (30 min) were 
optimized by monitoring the fluorescence distribution of the cells after each step. Cells were 
sorted in exclusion mode, which rejects coincident events, to achieve high purity (FIG. 13C). 
The sorted cells were regrown and subjected to a final round of selection with 0.2 nM BODIPY- 
digoxin, a concentration equal to 20% of the equilibrium dissociation constant of the purified, 

30 wild-type scFv(dig) in solution. During the third round, a significant percentage of the 
population remained fluorescent and was sorted in exclusion mode. After each round, selected 
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clones were analyzed by flow cytometry (FIG. 14), and their amino acid sequences were 
determined by DNA sequencing (Table 9). Clones isolated in the first round displayed a 
consensus sequence of (K/R)RAL (SEQ ID NO:74), which evolved as the selection stringency 
was increased in rounds two and three. W100 emerged in round two, changing the consensus to 
5 (K/R)(R/W)AL (SEQ ID NO:56). As might be expected, clones with high codon-based 
representation fequencies for which multiple isolates were obtained (HCL2-1, HCL1-2, and 1.2- 
1) displayed variation at the DNA level. In round three, a single mutant with a protein sequence 
identical to the wild-type (KWAM, SEQ ID NO:57) was isolated as 5 out of 5 clones examined. 
However, all round three clones analyzed were encoded by the non-wild-type DNA sequence 
10 and the original wild-type DNA sequence was not found. 
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TABLE 10 - FURTHER CHARACTERIZATION OF SCFV(DIG) MUTANTS 
SELECTED FROM A LIGHT-CHAIN LIBRARY BY FACS. 



Clone" 


Selection Conditions 


LCDR3 


"dissl 8 ) 

(flow cytometry)(x 10 ) 
(±15%) 


WT 




SQTTHVPPT 


0.23 






(SEQIDNO:48) 




LCl.1-1 


5 nM BODIPY- 


SQTTHIPAT 


0.15 




b 

Digoxin/2 wash/ORS 


(SEQIDNO:65) 




LC2.2-1 


5 nM BODIPY- 


SQTTHTPPT 


0.29 




Digoxin/1 wash 


(SEQIDNO:66) 




LC2.2-2 


it 


SQTTHFPAT 


0.54 






(SEQ IDNO:67) 




LC2.1-1 


lOnMBODIPY- 


SQATHLPAT 


1.7 




Digoxin/l wash 


(SEQ ID NO:68) 




LC2.1-2 


•i 


SQSTHRPPT 


2.3 






(SEQ IDNO:69) 




LC2.1-3 


ti 


SQPTHLPAT 


- 






(SEQ IDNO-.70) 




LC2.1-4 


n 


SQSTHFPAT 


1.6 






(SEQ IDNO:71) 




LC2.1-5 


n 


SQSTHVPAT 


0.85 






(SEQIDNO:72) 




LC2.1-6 


ii 


SQSTHIPAT 


0.72 






(SEQ IDNO:73) 





a Clone designations are: (L)ight(C)hain.EXP#.ROUND# - CLONE#. Selection 
5 conditions indicate the concentration of fluorescent probe utilized, the number of wash steps 
performed, and bwhether off-rate selection (ORS) was performed by incubating washed cells in 
buffer containing an excess of unlabeled digoxin for 30 min before sorting. Randomized 
residues are shown in bold-face. Apparent dissociation rate constants were measured by flow 
cytometry and % error values were determined from triplicate measurements. 
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The selected clones were conveniently ranked in terms of relative affinity by measuring 
the hapten dissociation rate from whole cells using flow cytometry (FIG. 14). Whole cells were 
labeled with an excess of BODIPY-digoxin, pelleted by centrifugation, and resuspended into 
buffer containing large excess of unlabelled digoxin at which time the MFLI was measured at 1 
5 or 2 minute intervals. As shown in FIG. 14, a plot of log(MFLI/MFLIo) as a function of time is 
linear, with the slope giving the apparent dissociation rate constant. Replicate measurements for 
a given clone were reproducible, varying by less than 15%. Clones selected in the first round 
exhibited fast apparent dissociation rates. The average dissociation rate decreased substantially 
between rounds one and two, and further decreased by about two-fold after the third round. To 

10 confirm the flow cytometric dissociation rate measurements, His-tagged scFv(dig) mutants 
were expressed without the Lpp-OmpA' sequence and purified to >95% by refolding from 
inclusion bodies (Burks et ai, 1995). Analytical gel filtration confirmed that greater than 95% 
of the purified protein was present as monomeric scFv. The binding kinetics of soluble purified 
scFv were analyzed by SPR using a BIAcore instrument. A high flow rate and low coupling 

15 density were used to minimize mass transport and rebinding effects (Karlsson and Fait, 1997). 
Importantly, the K D values for the purified antibodies were all at, or below, the antigen 
concentrations originally used to isolate the corresponding clones by FACS. Overall, 
association rate constants, k^/or all isolated clones varied by 1.6-fold, whereas the 
dissociation rate constants, k^ issac , improved by 3-4 fold between the first and last round of 

20 selection (from 2.6-3.6 x 10 3 s" ! to 0.83 X 10~3 s~ ! ). The dissociation rate constants of the 
purified scFvs correlated with the values obtained by flow cytometric analysis of the 
corresponding antibodies displayed on E. colijjable 9). 

A second scFv(dig) library was created by randomizing light-chain residues T91, V94, 
25 and P96. As with the heavy-chain library, DNA sequencing analysis did not reveal any codon 
bias. Given the number of transformants obtained, the Poisson probability that all sequences are 
represented in the library is greater than 85%. The light-chain library was screened using two 
increasingly stringent sorting steps resulting in the isolation of clones designated LC2.1 and 
LC2.2. Hie dissociation rates were again measured by flow cytometry (FIG. 15, Table 10). The 
30 average apparent dissociation rates decreased by 3.5-fold between rounds 1 and 2. T91 was 
conserved among the highest affinity clones isolated. The substitution P96A occurred in 6/8 
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isolated LC2 clones. V94 displayed a large tolerance to substitution but with a preference for 
moderately sized hydrophobic residues; V, I, and L. 

The light-chain library was also screened using conditions to favor the isolation of only 
5 the highest affinity clones using just a single round of sorting. Cells were labeled with 5 nM 
BODIPY-digoxin, washed twice in PBS, and then incubated with 1 jjM digoxin in PBS for 30 
min prior to sorting. Highly-fluorescent clones were enriched from 0.01% to greater than 10% 
of the population. Three clones having high MFLI signals at 5 nM BODIPY-digoxin were 
selected at random and their dissociation rate constants were measured by flow cytometry. AH 

-4 -I 

10 three clones had an apparent dissociation rate constant of 1.5 (± 0.2) XI 0 s , a value 

reproducibly lower than that of the wild-type antibody (k diss =2.3 (± 0.3) x 10" 4 s' 1 ) (FIG. 15). 
DNA sequencing revealed that the scFvs expressed by all three clones possessed the same 
amino acid substitutions, V94I and P96A, while the wild-type residue T91 was conserved. The 
affinity-improved mutant (LCI. 1-1), was produced in soluble form as above and its hapten 
15 binding kinetics were measured by SPR in triplicate. The k,^, and k diss rate constants were 1 .0 
(± 0. 1) 10 6 M" 1 s" 1 and 0.30 (± 0.04) M~' s"', respectively. The value of k diss for LCI. 1-1 was 
three-fold lower than that of the wild-type antibody (Table 10) resulting in an equilibrium 
dissociation constant of K D ^0.30 (± 0.05) nM. 

20 EXAMPLE 9 

ISOLATION OF CELLS DISPLAYING ENZYMES FROM A VAST EXCESS OF 
CELLS THAT DO NOT EXPRESS AN ACTIVE ENZYME 

This example demonstrates that the enzymatic activity, rather than a ligand binding 
activity, of a surface displayed polypeptide can be used to isolate cells producing such a surface 
25 enzymatic activity from a vast excess of cells that do not express enzymatically active 
polypeptides. The example specifically demonstrates how E. coli cells that express the protease 
OmpT on their surface can be distinguished from cells that do not produce OmpT or produce 
inactive OmpT. 
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A substrate that becomes fluorescent upon cleavage by OmpT was designed by 
conjugating a fluorescent dye (BODIPY) and a quenching group (trimethylrhodamine) at the 
opposite ends of the secile bond. Enzymatic cleavage releases the quenching group into the 
medium resulting in the production of a fluorescent product. The fluorescent product was 
5 designed to have several positive charges to allow its binding to the surface of the cells via 
electrostatic interactions with the negatively charged lipopolysaccharide molecules that 
comprises the outer layer of the E. coli surface. The chemical structure of the substrate is 
shown in FIG. 10. 

The peptide moiety was synthesized at the University of Texas, Austin peptide facility 
10 using standard FMOC coupling conditions. The thiol of the cysteine was alkylated with 
trimethylrhodamine iodoacetamide and this product was acylated with BODIPY-FL 
succinamidyl ester (Molecular Probes). The crude product was purified by preparative HPLC. 

Different strains of bacteria were exposed to the substrate for 10 min. and examined by 
15 FACS. The OmpT" negative R coli mutant UT5600, shows no fluorescence. However, 
UT5600 cells expressing OmpT from a multicopy plasmid (pML19), showed a much larger 
increase in fluorescence, which continued to increase for over 20 minutes. The mean 
fluorescence intensity of the OmpT + cells was over 30 times higher than that of the cells 
without the plasmid (/.e., OmpT" cells). Such a difference in OmpT fluorescence is more than 
20 sufficient to allow the sorting of cells expressing active enzyme from cells that do not express 
OmpT. 

It was demonstrated that inactive OmpT mutants exhibit increased fluorescence upon 
incubation with the substrate. For this purpose, an OmpT mutant was produced in which the 

25 conserved His212 residue (which is thought to be part of the catalytic triad) was converted to 
Ala by site-directed mutagenesis (Maniatis et al 1989). The His212->Ala mutant was 
confirmed to have no OmpT activity. UT5600 cells expressing the His212->Ala produce the 
same amount of OmpT as cells transformed with a plasmid encoding the wild type enzyme. 
When UT5600 cells expressing the inactive OmpT mutant were incubated with the substrate 

30 and examined by FACS they exhibited a background fluorescence that could be clearly 
distinguished from that of OmpT positive cells. 



WO 98/49286 



PCT/US98/087I4 



-92- 

In other studies it was demonstrated that OmpT + cells can be readily isolated from a 
population containing a huge excess of OmpT cells. Specifically, OmpT + cells were mixed 
with OmpT" cells at a 5,000-fold excess. The cell mixture was incubated with the substrate, 
passed through the fluorescence activated cell sorter and cells exhibiting a high fluorescence 
intensity were isolated. Nine out of nine sorted clones that were isolated produce OmpT. These 
studies showed that the OmpT* cells can be readily isolated by FACS from a huge excess of 
background cells solely on the basis of the enzymatic activity of the OmpT protease (FIG. 1 1). 

EXAMPLE 10 

ISOLATION OF CLONES EXPRESSING DESIRED ENZYMES FROM 
COMBINATORIAL POLYPEPTIDE LIBRARIES DISPLAYED ON THE CELL 

SURFACE 

This example illustrates how libraries of polypeptides displayed on the cell surface can 
be screened to isolate clones that produce polypeptides having a desired enzymatic activity. 
Specifically this example teaches the screening of libraries of OmpT mutant polypeptides to 
isolate novel enzymes that can hydrolyze peptide sequences not recognized by the wild-type 
OmpT enzyme. 

The ompT gene will first be subjected to random mutagenesis using established 
techniques such as error-prone PCR, chemical mutagenesis or mutator strains. For error-prone 
PCR or chemical mutagenesis the ompT gene is first excised from the high copy plasmid 
pML19 by digestion with appropriate restriction endonucleases and mutagenized according to 
standard procedures known to those skilled in the art (Maniatis et al 1989, Innis et al 1990). 
Following mutagenesis, the ompT DNA will be ligated back to restriction-enzyme digested 
pML19 and the ligation mixture will be electroporated into E. coli UT5600. Transformants will 
be grown in LB broth containing ampicillin (100|ig/ml) and glucose at 0.2% w/v at 37°C. 
Cultures will be grown to saturation to ensure maximal expression of OmpT. Subsequently, the 
cells will be harvested by centrifugation, washed with PBS and resuspended in 1 mM Tris 
buffer, pH 7.0, in the presence of a substrate having a structure similar to the one shown in FIG. 
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10 except that the Arg-Arg dipetide that is recognized by the wild type OmpT is substituted 
with other dipeptide sequences, for example Arg-His, Arg-Ala, His-His, etc. Cells expressing 
OmpT capable of hydrolyzing the substrate allow the release of the trimethylrhodamine 
quencher into the solution while the N-terminal cleavage product containing the BODIPY 
5 fluorophore is electrostatically retained by the cells. As a result, cells displaying mutant OmpT 
proteins capable of hydrolyzing the substrate will become fluorescent and can thus be isolated 
by fluorescent activated cell sorting (FACS). For the isolation of enzymatically active cells by 
FACS, a gate is set such that only cells exhibiting high fluorescence are sorted in the positive 
window. Cells will be sorted at an event rate of at least 1000 s" 1 . A total of 10 6 cells will be 
10 screened and cells displaying high fluorescence will be collected by FACS. Isolated colonies 
will be then screened for product hydrolysis by FACS analysis. Finally, the DNA sequence of 
the mutant ompT genes encoding enzymes with altered substrate specificity will be determined 
by DNA sequencing. 

15 * * * 

All of the composition and methods disclosed and claimed herein can be made and 
executed without undue experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been described in terms of preferred 
embodiments, it will be apparent to those of skill in the art that variations may be applied to the 

20 compositions and methods and in the steps or in the sequence of steps of the method described 
herein without departing from the concept, spirit and scope of the invention. More specifically, 
it will be apparent that certain agents which are both chemically and physiologically related 
may be substituted for the agents described herein while the same or similar results would be 
achieved. All such similar substitutes and modifications apparent to those skilled in the art are 

25 deemed to be within the spirit, scope and concept of the invention as defined by the appended 
claims. 
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SEOUENCE LISTING 

(1> GENERAL INFORMATION: 

(i) APPLICANT: 

(A) NAME: Board of Regents, The University of Texas 

System 

(B) STREET: 201 West 7th Street 

(C) CITY: Austin 
<D) STATE: Texas 

(E) COUNTRY: USA 

(F) POSTAL CODE (ZIP) : 78701 

(G) TELEPHONE: 512/418-3000 

(ii) TITLE OF INVENTION: DIRECTED EVOLUTION OF ENZYMES AND ANTIBODIES 
(iii) NUMBER OF SEQUENCES: 73 

(iv) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM: PC-DOS /MS-DOS 

(D) SOFTWARE: Patentln Release #1.0, Version #1.30 (EPO) 

(v) CURRENT APPLICATION DATA: 

APPLICATION NUMBER: Unknown 
(vi) PRIOR APPLICATION DATA: 

(A) APPLICATION NUMBER: US 08/0847,063 

(B) FILING DATE: 01-MAY-1997 



(2) INFORMATION FOR SEQ ID NO: 1: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 780 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(ix) FEATURE: 

(A) NAME /KEY : CDS 

(B) LOCATION: 1. .780 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 1: 

GAA GTT CAA CTG CAA CAG TCT GGT CCT GAA TTG GTT AAA CCT GGC GCC 48 
Glu Val Gin Leu Gin Gin Ser Gly Pro Glu Leu Val Lys Pro Gly Ala 
1 5 10 15 



TCT GTG CGC ATG TCC TGC AAA TCC TCA GGG TAC ATT TTC ACC GAC TTC 96 
Ser Val Arg Met Ser Cys Lys Ser Ser Gly Tyr lie Phe Thr Asp Phe 
20 25 30 

TAC ATG AAT TGG GTT CGC CAG TCT CAT GGT AAG TCT CTA GAC TAC ATC 144 
Tyr Met Asn Trp Val Arg Gin Ser His Gly Lys Ser Leu Asp Tyr lie 
35 40 45 
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GGG TAC ATT TCC CCA TAC TCT GGG GTT ACC GGC TAC AAC CAG AAG TTT 192 
Gly Tyr lie Ser Pro Tyr Ser Gly Val Thr Gly Tyr Asn Gin Lys Phe 
50 55 60 

AAA GGT AAG GCC ACC CTT ACT GTC GAC AAA TCT TCC TCA ACT GCT TAC 240 
Lys Gly Lys Ala Thr Leu Thr Val Asp Lys Ser Ser Ser Thr Ala Tyr 
65 70 75 80 

ATG GAG CTG CGT TCT TTG ACC TCT GAG GAC TCC GCG GTA TAC TAT TGC 288 
Met Glu Leu Arg Ser Leu Thr Ser Glu Asp Ser Ala Val Tyr Tyr Cys 
85 90 95 

GCC GGC TCC TCT GGT AAC AAA TGG GCC ATG GAT TAT TGG GGT CAT GGT 336 
Ala Gly Ser Ser Gly Asn Lys Trp Ala Met Asp Tyr Trp Gly His Gly 
100 105 110 

GCT AGC GTT ACT GTG AGC TCT GGT GGC GGT GGC TCG GGC GGT GGT GGG 384 
Ala Ser Val Thr Val Ser Ser Gly Gly Gly Gly Ser Gly Gly Gly Gly 
115 120 125 

TCG GGT GGC GGC GGA TCA GAC ATA GTA CTG ACC CAG TCT CCA GCT TCT 432 
Ser Gly Gly Gly Gly Ser Asp lie Val Leu Thr Gin Ser Pro Ala Ser 
130 135 140 

TTG GCT GTG TCT CTA GGA CAA AGG GCC ACG ATA TCC TGC CGA TCC AGC 480 
Leu Ala Val Ser Leu Gly Gin Arg Ala Thr lie Ser Cys Arg Ser Ser 
145 150 155 160 

CAA AGT CTC GTA CAT TCT AAT GGT AAT ACT TAT CTG AAC TGG TAC CAA 528 
Gin Ser Leu Val His Ser Asn Gly Asn Thr Tyr Leu Asn Trp Tyr Gin 
165 170 175 

CAG AAA CCA GGA CAG CCA CCC AAG CTT CTC ATC TAT AAG GTA TCC AAC 576 
Gin Lys Pro Gly Gin Pro Pro Lys Leu Leu lie Tyr Lys Val Ser Asn 
180 185 190 

CGA TTC TCT GGA GTC CCT GCC AGG TTC AGT GGC AGT GGG TCT GAG TCA 624 
Arg Phe Ser Gly Val Pro Ala Arg Phe Ser Gly Ser Gly Ser Glu Ser 
195 200 205 

GAC TTC ACC CTC ACC ATC GAT CCT GTG GAG GAA GAT GAT GCT GCA ATA 672 
Asp Phe Thr Leu Thr lie Asp Pro Val Glu Glu Asp Asp Ala Ala lie 
210 215 220 

TAT TAC TGT AGC CAA ACT ACG CAT GTT CCA CCC ACG TTC GGC TCG GGG 720 
Tyr Tyr Cys Ser Gin Thr Thr His Val Pro Pro Thr Phe Gly Ser Gly 
225 230 235 240 

ACC AAG CTG GAG CTG AAA CGT GCT AGC CAG CCA GAA CTC GCC CCG GAA 768 
Thr Lys Leu Glu Leu Lys Arg Ala Ser Gin Pro Glu Leu Ala Pro Glu 
245 250 255 

GAC CCC GAG GAC 780 
Asp Pro Glu Asp 
260 
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(2) INFORMATION FOR SEQ ID NO: 2: 



(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 260 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

<xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 

Glu Val Gin Leu Gin Gin Ser Gly Pro Glu Leu Val Lys Pro Gly Ala 
1 5 10 15 

Ser Val Arg Met Ser Cys Lys Ser Ser Gly Tyr lie Phe Thr Asp Phe 
20 25 30 

Tyr Met Asn Trp Val Arg Gin Ser His Gly Lys Ser Leu Asp Tyr lie 
35 40 45 

Gly Tyr lie Ser Pro Tyr Ser Gly Val Thr Gly Tyr Asn Gin Lys Phe 
50 55 60 

Lys Gly Lys Ala Thr Leu Thr Val Asp Lys Ser Ser Ser Thr Ala Tyr 
65 70 75 80 

Met Glu Leu Arg Ser Leu Thr Ser Glu Asp Ser Ala Val Tyr Tyr Cys 
85 90 95 

Ala Gly Ser Ser Gly Asn Lys Trp Ala Met Asp Tyr Trp Gly His Gly 
100 105 110 

Ala Ser Val Thr Val Ser Ser Gly Gly Gly Gly Ser Gly Gly Gly Gly 
115 120 125 

Ser Gly Gly Gly Gly Ser Asp lie Val Leu Thr Gin Ser Pro Ala Ser 
130 135 140 

Leu Ala Val Ser Leu Gly Gin Arg Ala Thr lie Ser Cys Arg Ser Ser 
145 150 155 160 

Gin Ser Leu Val His Ser Asn Gly Asn Thr Tyr Leu Asn Trp Tyr Gin 
165 170 175 

Gin Lys Pro Gly Gin Pro Pro Lys Leu Leu lie Tyr Lys Val Ser Asn 
180 185 190 

Arg Phe Ser Gly Val Pro Ala Arg Phe Ser Gly Ser Gly Ser Glu Ser 
195 200 205 

Asp Phe Thr Leu Thr lie Asp Pro Val Glu Glu Asp Asp Ala Ala lie 
210 215 220 

Tyr Tyr Cys Ser Gin Thr Thr His Val Pro Pro Thr Phe Gly Ser Gly 
225 230 235 240 



Thr Lys Leu Glu Leu Lys Arg Ala Ser Gin Pro Glu Leu Ala Pro Glu 
245 250 255 
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Asp Pro Glu Asp 
260 



(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 
TGGACCAACA ACATCGGT 



(2) INFORMATION FOR SEQ ID NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 26 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO 
CCCATATCAC CAGCTCACCG TCTTTC 



(2) INFORMATION FOR SEQ ID NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 32 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO 
GACCCCGAGG ACTAACGTCT TCGAATAAAT AC 



(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO 
CCGAATTCGT TTG AACATG C CTAAC 
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(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 29 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 
CGGAATTCGT GCGCAACACG ATGAAGCTC 29 



(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 31 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 
AGGGCATGCA AGGGCACCAA TAACTG CCTT A 31 



(2) INFORMATION FOR SEQ ID NO : 9: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 26 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 
TTGGCTGCAG TAATATATTG CAGCAT 26 



(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 31 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 
TGCAATATAT - TACTGCAGCC AAACTACGCA T 31 



(2) INFORMATION FOR SEQ ID NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 30 base pairs 

(B) TYPE: nucleic acid 
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(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 
CGGCAGTTTC TGCAGATATA TTCGCAAGAT 

(2) INFORMATION FOR SEQ ID NO: 12: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 31 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 
CTTGCGAATA TATCTGCAGA AACTGCCGGA A 



(2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 40 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 
* (D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13 

ACGCCACATC TTGCGAATAT ATCTGCAGAA ACTGC CGGAA 



(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D ) TOPOLOGY : 1 inear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14 
CAGGGTACAT TTTCACCG 



(2) INFORMATION FOR SEQ ID NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 46 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



(ix) FEATURE: 

(A) NAME /KEY : modif ied_base 
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(B) LOCATION: one-of (13, 14, 22, 23, 28, 29) 

(D) OTHER INFORMATION :/note= M N = A, C, T or G" 

* (ix) FEATURE: 

(A) NAME/KEY: modif iedbase 

(B) LOCATION : one - o f ( 1 5 , 24, 30) 

(D) OTHER INFORMATION :/note= "B « C, G or T w 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 
AACTGCAGCC AANNBACGCA TNNBCCANNB ACGTTCGGCT CGGGGA 46 



(2) INFORMATION FOR SEQ ID NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 63 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(ix) FEATURE: 

(A) NAME/KEY: modif iedbase 

(B) LOCATION: one-of (31, 32, 34, 35, 37, 38, 40, 41) 
(D) OTHER INFORMATION : /note= "N = A, C, T or G" 

(ix) FEATURE: 

(A) NAME/KEY: modif ied_base 

(B) LOCATION: one-of (33, 36, 39, 42) 

(D) OTHER INFORMATION :/note= M S = C or G M 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 
GTATACTATT GCGCCGGCTC CTCTGGTAAC NNSNNSNNSN NSGATTATTG GGGTCATGGT 60 
GCT 63 



(2) INFORMATION FOR SEQ ID NO: 17: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 30 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 
GTTACCAGAG GAGCCGGCGC AATAGTATAC 



(2) INFORMATION FOR SEQ ID NO : IB: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 36 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 
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(D) TOPOLOGY: linear 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 
TACATTTTCA CCGACTTCAA TATGAATTGG GTTCGC 36 



(2) INFORMATION FOR SEQ ID NO: 19: 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 36 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
TACATTTTCA CCGACTTCTG CATGAATTGG GTTCGC 36 



(2) INFORMATION FOR SEQ ID NO : 20: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 36 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO : 20: 
TACATTTTCA CCGACTTCTC TATGAATTGG GTTCGC 36 



(2) INFORMATION FOR SEQ ID NO: 21: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 36 base pairs 

(B) TYPE; nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 21: 
TACATTTTCA CCGACTTCGG GATGAATTGG GTTCGC 36 



(2) INFORMATION FOR SEQ ID NO : 22: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 36 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 



TACATTTTCA CCGACTTCTA AATGAATTGG GTTCGC 



36 
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(2) INFORMATION FOR SEQ ID NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH; 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 23: 

Ser Gin Thr Thr His Val Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 

Ser Gin Ala Thr His Met Pro Gly Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO : 25: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 25: 

Ser Gin Thr Thr His Phe Pro Val Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 26: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 26: 



Ser Gin Ala Thr His Tyr Pro Thr Thr 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 27: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 27: 

Ser Gin Cys Thr His Trp Pro Val Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 28: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 28: 

Ser Gin Thr Thr His Val Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 29: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 29: 

Ser Gin Ala Thr His Tyr Pro Ser Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 30: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 30: 



Ser Gin Ala Thr His Ser Pro Ser Thr 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 31: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 31: 

Ser Gin Val Thr His Gly Pro Arg Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO : 32: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 32: 

Ser Gin Gly Thr His Arg Pro Tyr Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 33: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS; 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 33: 

o 

Ser Gin He Thr His Val Pro Lys Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 34: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 34: 

Ser Gin Leu Thr His Leu Pro Arg Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 35: 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 35: 

Ser Gin Pro Thr His Val Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 36: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

( D ) TOPOLOGY : 1 inear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 36: 

Ser Gin Val Thr His Lys Pro Gly Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 37: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 37: 

Ser Gin Leu Thr His Trp Pro Ser Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 38: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 38: 

Ser Gin Leu Thr His Gly Pro Arg Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO : 39: 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 39: 

Ser Gin Leu Thr His Gly Pro Arg Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 40: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 

Ser Gin Glx Thr His Gly Pro Phe Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 41: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 41 
Ser Ser Gly Asn Lys Trp Ala Met Asp Tyr 



(2) INFORMATION FOR SEQ ID NO: 42: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 42 
Ser Ser Gly Asn Tyr Arg Ala Leu Asp Tyr 



(2) INFORMATION FOR SEQ ID NO: 43: 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 43: 

Ser Ser Gly Asn Arg Arg Ala Trp Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 44: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 44: 

Ser Ser Gly Asn Arg Arg Ala Leu Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 45: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 45 

Ser Ser Gly Asn Gly Arg Ala Trp Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 46: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 46 

Ser Ser Gly Asn lie Ser Ala Leu Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 47: 
(i) SEQUENCE CHARACTERISTICS: 
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( A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 47: 

Ser Ser Gly Asn Gin Arg Lys Met Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 48: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 48 

Ser Gin Thr Thr His Val Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO : 49: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 49 

Ser Gin Val Thr His Arg Pro Leu Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 50: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 50 

Ser Gin Val Thr His Asp Pro Gly Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 51: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 9 amino acids 
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(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 51: 

Ser Gin Val Thr His Cys Pro Ser Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 52: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 52: 

Ser Gin Val Thr His Trp Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 53: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 12 base pairs 

(B) TYPE: nucleic acid 
<C) STRANDEDNESS: single 
(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO : 53: 

AAATGGGCCA TG 12 



(2) INFORMATION FOR SEQ ID NO: 54: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 12 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 54: 
AAGTGGGCGA TG 12 



(2) INFORMATION FOR SEQ ID NO: 55: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 
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(ix) FEATURE: 

(A) NAME/KEY: Modified- site 

(B) LOCATION : 1 

(D) OTHER INFORMATION: /not e= "K could be R" 

(ix) FEATURE: 

(A) NAME/KEY: Modified- site 

(B) LOCATION : 2 

(D) OTHER INFORMATION: /note= »R could be W" 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 55: 

Lys Arg Ala Leu 
1 



(2) INFORMATION FOR SEQ ID NO: 56: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 56: 

Lys Trp Ala Met 
1 



(2) INFORMATION FOR SEQ ID NO: 57: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 57: 

Ser Ser Gly Asn Lys Trp Ala Leu Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 58: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 58: 



Ser Ser Gly Asn Lys Arg Ala Leu Asp Tyr 
1 5 10 
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(2) INFORMATION FOR SEQ ID NO: 59: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 59: 

Ser Ser Gly Asn Arg Arg Ser Leu Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 60: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE : amino acid 

( C ) STRANDEDNES S : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 60: 

Ser ser Gly Asn Lys Arg Ala Met Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 61: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 61: 

Ser Ser Gly Asn Arg Arg Ala Leu Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 62: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

Cxi) SEQUENCE DESCRIPTION: SEQ ID NO: 62: 



Ser Ser Gly Asn Gly Arg Ala Leu Asp Tyr 
15 10 
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(2) INFORMATION FOR SEQ ID NO: 63: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 63: 

Ser Ser Gly Asn Tyr Arg Ala Leu Asp Tyr 
15 10 



(2) INFORMATION FOR SEQ ID NO: 64: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 64 

Ser Gin Thr Thr His lie Pro Ala Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 65: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 65 

Ser Gin Thr Thr His Thr Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 66: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 66 



Ser Gin Thr Thr His Phe Pro Ala Thr 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 67: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 67: 

Ser Gin Ala Thr His Leu Pro Ala Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 68: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 68: 

Ser Gin Ser Thr His Arg Pro Pro Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 69: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 69: 

Ser Gin Pro Thr His Leu Pro Ala Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 70; 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 70: 

Ser Gin Ser Thr His Phe Pro Ala Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 71: 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 71: 

Ser Gin Ser Thr His Val Pro Ala Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 72: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 72: 

Ser Gin Ser Thr His lie Pro Ala Thr 
1 5 



(2) INFORMATION FOR SEQ ID NO: 73: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(ix) FEATURE: 

(A) NAME/KEY: Modif ied-site 

(B) LOCATION : 1 

(D) OTHER INFORMATION :/note= "K could be R" 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 73: 

Lys Arg Ala Leu 
1 
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CLAIMS 

A method for selecting a polypeptide from a plurality of candidate proteins, the method 
comprising the steps of: 

(a) obtaining a library of vectors that encode a plurality of distinct candidate 
polypeptides, wherein said vectors provide for the cell surface expression of said 
candidate polypeptides; 

(b) expressing each of said plurality of candidate polypeptides on the surface of a 
host cell; and 

(c) selecting a host cell that expresses a desired polypeptide. 

The method of claim 1 , wherein said host cell is a Gram negative bacterium. 
The method of claim 2, wherein said host cell is E. coli. 

The method of claim 1, wherein said polypeptide is selected from the group consisting 
of an antibody or antibody fragment, an enzyme, a cytokine, a transcription factor, a 
clotting factor, a chelating agent, a hormone and a receptor. 

The method of claim 4, wherein said polypeptide is an antibody or antibody fragment. 

The method of claim 5, wherein selecting a host cell that expresses a desired antibody 
comprises the steps of: 

(a) contacting said antibody- or antibody fragment-expressing cells with a selected 
antigen; and 

(b) identifying a host cell that binds to said selected antigen. 
The method of claim 6, wherein the antigen is labeled. 

The method of claim 7, wherein the label is a fluorescent or chemilluminescent label. 
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The method of claim 6, wherein said selected antigen is located on the surface of a cell 
other than said host cell, and said host cell that binds to said selected antigen is 
identified by a method comprising the steps of: 

(a) contacting said host cell with said cell expressing or having conjugated thereto 
said selected antigen; and 

(b) identifying a host cell bound to said cell expressing or having conjugate thereto 
said selected antigen. 

The method of claim 9, further comprising size sorting of bound cells following the step 
of contacting said host cell with said cell expressing or having conjugated thereto said 
selected antigen. 

The method of claim 6, wherein said vector library is obtained by a method comprising 
the steps of: 

(a) administering to an animal an immunologically effective amount of a 
composition comprising a selected antigen; 

(b) obtaining from the animal a plurality of distinct DNA segments that encode 
distinct antibodies or antibody fragments; and 

(c) incorporating said plurality of DNA segments into a plurality of expression 
vectors, the vectors expressing antibodies or antibody fragments on the outer 
membrane surface of a Gram negative host cell. 

The method of claim 1 1, wherein said plurality of DNA segments are obtained by a 
method comprising the steps of: 

(a) isolating mRNA from antibody-producing cells of said animal; 

(b) amplifying a plurality of distinct RNA segments using a set of nucleic acid 
primers having sequences complementary to antibody constant region or 
antibody framework region nucleic acid sequences; and 
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(c) preparing a plurality of distinct DNA segments having sequences 
complementary to said amplified RNA segments. 

13. The method of claim 1 , wherein said vector library is obtained by a method comprising 
5 the steps of: 

(a) obtaining a DNA segment that encodes a selected polypeptide; 

(b) mutagenizing said DNA segment to provide a plurality of DNA segments that 
encode a plurality of polypeptides; and 

10 (c) incorporating said plurality of DNA segments into a plurality of expression 

vectors, the vectors expressing a plurality of polypeptides on the surface of a 
Gram negative host cell. 

14. The method of claim 13, wherein said polypeptide is an antibody or an antibody 
15 fragment. 

15. The method of claim 14, wherein said selected cells that express a desired antibody are 
subjected to cleavage to release the selected antibody or antibody fragment from the 
surface of the outer membrane. 

20 

16. The method of claim 1 3, wherein selecting a host cell that expresses a desired antibody 
comprises the steps of: 

(a) contacting said antibody- or antibody fragment-expressing cells with a selected 
25 antigen; and 

(b) identifying a host cell that binds to said selected antigen. 

17. The method of claim 16, wherein said selected antigen is linked to a detectable label. 



30 18. 



The method of claim 1 7, wherein said selected antigen is linked to a a fluorescent label, 
a chemilluminescent label, a radioactive label, biotin, avidin, a magnetic bead or an 
enzyme that generates a colored product upon contact with a chromogenic substrate. 
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10 



19. The method of claim 18, wherein said cells that bind to said selected antigen are 
identified by a method comprising the steps of: 

(a) contacting said plurality of cells with said detectably labeled antigen under 
conditions effective to allow specific antigen-antibody binding; 

(b) removing non-specifically bound antigen from said cells; and 

(c) identifying the antibody- or antibody fragment-expressing cells by detecting the 
presence of the bound detectable label. 

20. The method of claim 1 9, wherein said cells that bind to said selected antigen are 
identified by a method comprising the steps of: 



(c) contacting said plurality of cells with a fluorescently labeled antigen under 
1 5 conditions effective to allow specific antigen-antibody binding; 

(d) subjecting said cells to automated cell sorting; and 

(e) identifying the desired antibody or antibody fragment by detecting the 
fluorescently labeled sorted cells. 

20 21 . The method of claim 20, wherein said cells are subjected to sorting by flow cytometry. 

22. The method of claim 20, wherein said cells are subjected to a first and a second round of 
automated cell sorting. 

25 23. The method of claim 22, wherein regrowth of sorted cells is conducted between said 
first and said second rounds of cell sorting. 

24, The method of claim 22, wherein said cells are subjected to a third and a fourth round of 
automated cell sorting. 



30 



25. The method of claim 1 8, wherein said selected antigen is linked to a magnetic bead. 



WO 98/49286 PCT/US98/08714 

- 127- 

26. The method of claim 25, wherein cells that bind said antigen are selected are identified 
by a method comprising the steps of: 

(a) contacting said plurality of cells with said magnetic bead labeled antigen under 
5 conditions effective to allow specific antigen-antibody binding; 

(b) subjecting said cells to magnetic sorting; and 

(c) identifying the desired antibody- or antibody fragment by detecting the magentic 

bead-labeled sorted cells. 

10 27. The method of claim 4, wherein said polypeptide is an enzyme. 

28. The method of claim 27, wherein said cells expressing a desired enzyme are selected on 
the basis of enzyme activity. 

1 5 29. The method of claim 28, wherein said enzyme activity is substrate cleavage. 

30. The method of claim 29, wherein cleavage of said substrate results in loss of quenching 
of a detectable signal. 

20 31. The method of claim 28, wherein said enzyme activity is substrate binding. 

32. The method of claim 3 1 , wherein said binding results in the quenching of a detectable 
signal. 

25 33 . The method of claim 3 1 , wherein said binding results in the generation of a unique 
signal not found in the absence of binding. 

34. The method of claim 28, wherein said enzyme activity results in the association of a 
detectable signal with said host cell. 
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35. The method of claim 34, further comprising sorting said host cell by flow cytometry. 
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36. The method of claim 35, wherein said cells are subjected to a second round of 
automated cell sorting. 

37. The method of claim 36, wherein regrowth of sorted ceils is conducted between said 
first and said second rounds of cell sorting. 

38. A method for catalyzing a chemical reaction, comprising the steps of: 

(d) obtaining a host cell that expresses an enzyme or catalytic antibody on the 

surface of the outer membrane; and 

(e) contacting said host cell with a sample containing the necessary substrates for 

said chemical reaction. 

39. The method of claim 38, wherein said host cell is a Gram negative host cell. 

40. A method for stimulating an immune response, comprising administering to an animal a 
pharmaceutical composition comprising an immunologically effective amount of a host 
cell that expresses an antibody or antigen-combining antibody fragment on the surface 
of the outer membrane. 

41 . The method of claim 40, further comprising the step of obtaining from said animal an 
antibody. 

42. The method of claim 41 , wherein said host cell is a Gram negative host cell. 

43. An isolated an purified antibody, or fragment thereof, that binds immunologically to 
digoxin, but does not bind immunologically to digitoxin. 

44. A single-chain antibody that binds immunologically to digoxin, but does not bind 
immunologically to digitoxin. 
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45. A host cell that expresses, on its cell surface, a single-chain antibody that binds 
immunologically to a digoxin, but does not bind immunologically to digitoxin. 
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